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FOREWORD 

T h i s  r e p o r t  descr ibes  the  work performed by the  AiResearch Manufactur ing 
Company o f  Los Angeles, C a l i f o r n i a  under Tasks I and 2 o f  Cont rac t  NASI-8859, 
'tDevelopment o f  Regenerat ive CO -Removal -System Design Techniques," issued by 
NASA Langley Research Center. 
was t o  produce bas i c  des ign data and des ign  t o o l s  ( i n  the  form o f  computer 
programs) t o  f a c i  1 i t a t e  the  des ign process o f ,  and t o  a i d  e f f o r t s  i n  improving 
spacecra f t  regenerable C02-remova1 systems which employ molecular -s ieve and 
s i l i c a - g e l  i no rgan ic  sorbents.  The t ime pe r iod  of  t h e  a n a l y s i s  and experimen- 
t a t i o n  t h a t  t h i s  r e p o r t  represents  was from November 1968 t o  May 1972. 

2 
The purpose o f  Tasks 1 and 2 o f  t he  c o n t r a c t  

Two C O  -removal-system per formance-predic t ion computer programs were pro-  
duced under t h i s  c o n t r a c t .  These programs are  discussed o n l y  b r i e f l y  i n  t h i s  
r e p o r t ;  f u l l  documentation o f  these programs i s  conta ined i n  a separate r e p o r t  
"A  T rans ien t  Performance P r e d i c t i o n  Method f o r  C02 Removal w i t h  Regenerable 
Adsorbents", NASA CR- I  I2098 (Reference 1 ) .  

2 

- 
NASA Manned Spacecraf t  Center p rov ided a p o r t i o n  o f  the f i n a n c i a l  suppor t  

f o r  the dynamic coadsorp t ion  mass- t ransfer  t e s t s ;  these t e s t s  were moni tored a t  
NASA MSC by M r .  W i l l  E l l i s .  D r .  Sam Davis served as a consu l tan t  t o  NASA MSC 
i n  t h i s  area o f  i n t e r e s t .  

A t  AiResearch, M r .  J. P. Byrne was the i n i t i a l  program manager; l a t e r ,  
M r .  C. W. Browning was program manager. I n i t i a l l y ,  M r .  J. M. Ruder was 
p r i n c i p a l  i n v e s t i g a t o r  i n  charge o f  a l l  e q u i l i b r i u m  data taken i n  Tasks I 
and 2.  Later, D r .  R. M. Wr igh t  was p r i n c i p a l  i n v e s t i g a t o r  respons ib le  f o r  
dynamic mass- t ransfer  exper imenta t ion .  D r .  K. C. Hwang was respons ib le  f o r  
the per fo rmance-pred ic t ion  computer programs developed under the con t rac t .  
D r .  Jack Winnick o f  the U n i v e r s i t y  of M issour i  was a consu l tan t  t o  AiResearch 
d u r i n g  the  e a r l y  phases o f  t he  work. 

Exper imental  equipment des ign was handled by M r .  K. Walther, M r .  M. Gee, 
and M r .  W. Dunn. Laboratory  techn ic ians  were M r .  R. Forrey, M r .  D. F a l z e t t ,  
and M r .  R .  C l i f t o n .  

... 
I l l  
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DEVELOPMENT OF D E S I G N  INFORMATION FOR MOLECULAR SIEVE TYPE 

REGENERATIVE CO2-REMOVAL SYSTEMS 

by R.M. Wright, Ph.D., J.M. Ruder, 
V.B. Dunn, and K.C. Hwang, Ph.D. 

Space and Cryogenic Systems Department 
AiResearch Manufactur ing Company 

A D i v i s i o n  o f  The G a r r e t t  Corpora t ion  

SUMMARY 

T h i s  r e p o r t  descr ibes  the  r e s u l t s  o f  a n a l y t i c a l  and exper imenta l  research 
s tud ies  which were d i r e c t e d  toward the a c q u i s i t i o n  o f  bas i c  des ign i n fo rma t ion  
on molecu la r  s ieve  sorbents  f o r  C02 removal systems. E q u i l i b r i u m  and dynamic 
mass- t rans fer  da ta  a r e  presented f o r  a number o f  mo lecu la r  s ieve  sorbents  
over  a range o f  c o n d i t i o n s  approp r ia te  t o  f u t u r e  manned spacec ra f t  C02- 
removal systems. 

A l a r g e  amount o f  e q u i l i b r i u m  data  f o r  molecular  s ieve  and s i l i c a  ge! 
sorbents  was ob ta ined and i s  presented here i n  g raph ica l  form. Some o f  t he  
equi  1 i b r i u m  da ta  i s  f o r  coadsorbed pai  r s  o f  sorbents, w i t h  water and C02 
coadsorp t ion  o f  p r imary  i n t e r e s t .  

The dynamic mass- t ransfer  behavior  o f  spec ia l  p ro to type  beds was s tud ied  
under c o n t r o l l e d  cond i t i ons .  T h i s  invo lved s tud ies  w i t h  s i n g l e  sorbates i n  
t h e  c a r r i e r  gas, and t e s t s  where t h e  coadsorp t ion  o f  C02 and water was s tud ied .  
Many observa t ions  r e s u l t e d  from t h e  l a t t e r  s e r i e s  o f  t e s t s .  From the  s i n g l e -  
sorbate tes ts ,  mass- t ransfer  c o e f f i c i e n t s  and i n t r a p a r t i c l e  d i f f u s i v i t i e s  
were evaluated and a r e  presented here in .  Comparisons were made o f  d i f f e r e n t  
s i z e  p l a t e - f i n  h e a t - t r a n s f e r  sur faces placed w i t h i n  the  packed sorbent beds. 

Packed-bed d e n s i t i e s  and process-gas f l o w  pressure drops were measured 
f o r  va r ious  bed hea t - t rans fe r -su r face  con f igu ra t i ons .  

Two la rge -sca le  computer programs were produced t o  p r e d i c t  t he  t r a n s i e n t  

One program cons iders  water-dump/C02-dump systems which 
The second, more-general program a l l ows  f o r  two-  

performance o f  spacecraf t ,  regenerable, CO -removal systems which employ molec- 
u l a r  s ieve  sorbents .  
use composite sorbent  beds. 
o r  four-bed systems, w i t h  water-save and C02-save p rov i s ions .  I t  cons iders  

the  second-order e f f e c t s  due t o  t h e  coadsorp t ion  o f  C02, water, oxygen, and 

n i t rogen .  Several  a u x i l i a r y  programs u s e f u l  i n  molecu la r -s ieve  CO -removal- 
system design work were produced. 

2 

2 

Along w i t h  p r e s e n t a t i o n  o f  g raph ica l  and numer ica l  data, p e r t i n e n t  obser-  
v a t i o n s  and conc lus ions  have been made. 
research a c t i v i t y  a r e  made. 

Suggestions f o r  f u r t h e r  des ign  and 
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SECTION I 

INTRODUCTION 

I n  a l l  Mercury, Gemini, and A p o l l o  manned spacef l ights,carbon d i o x i d e  
has been removed from the spacecraf t  cab in  by means o f  abso rp t i on  by 
l i t h i u m  hydroxide. Th is  method o f  C O  removal i s  ext remely r e l i a b l e  and 
e f f i c i e n t ,  and i n  general, the des ign o f  LiOH systems i s  r e l a t i v e l y  easy, 
The main o b j e c t i o n  t o  LiOH i s  t h a t  i t  i s  no t  regenerable and as an expend- 
ab le  i t  can represent  a l a rge  weight  p e n a l t y  t o  the  vehic le ,  e s p e c i a l l y  
f o r  long d u r a t i o n  miss ions.  

2 

Consider ing the  normal C02 ou tpu t  o f  a man t o  be 2.2 lb/day, and us ing  a 
92-percent u t i  1 i z a t i o n  e f f i c i e n c y  w i t h o u t  cont ingencies,  2.60 l b  o f  LiOH a r e  
requ i red  per  man-day. For f i  r s t  genera t ion  manned-spacecraft, the  p e n a l t i e s  
assoc ia ted  w i t h  LiOH were reasonably smal l .  A one-day Mercury f l i g h t  requ i red  
about 5.4 l b  LiOH, conta ined i n  a s i n g l e  bed. For the two-man Gemini vehic le ,  
one l a r g e  LiOH bed was employed which cou ld  h o l d  80.5 l b  LiOH f o r  a 14-day 
miss ion.  The A p o l l o  v e h i c l e  employs a dual-bed LiOH C02-removal u n i t ;  each 
bed conta ins  a removable LiOH charge o f  3.979 l b .  Each bed i s  charged by the  
crew every 24 hours;  bed recharg ing  i s  a l t e r n a t e d  t o  p rov ide  one charge every 
12 hours. For a 12-day mission, some 24 LiOH charges (95.5 l b )  a r e  ca r r i ed .  

For long d u r a t i o n  miss ions w i t h  l a r g e  crews, the  t o t a l  weight  and volume 
pena l t y  due t o  LiOH c o u l d  be s u b s t a n t i a l .  Also, the lower cab in  l e v e l s  o f  
C02 and h ighe r  t o t a l  pressures des i red  i n  f u t u r e  miss ions makes the  des ign o f  
LiOH systems more complex. This  i s  due t o  the accumulat ion i n  the  bed o f  water  
produced by the chemical r e a c t i o n  w i t h  LiOH, and the subsequent slow-down i n  
the C02 removal process. The water accumulat ion i s  a r e s u l t  o f  excessive 
c o o l i n g  of the bed due t o  the  l a r g e  f l o w  o f  cab in  gases. I n  p rev ious  missions, 
a t  7 mm Hg C02 p a r t i a l  pressure and 5 p s i a  t o t a l  pressure, the mass r a t i o  o f  
C02 t o  cab in  gases ' i s  reasonably large, and the  heat  o f  r e a c t i o n  o f  CO 

reac t i on .  For f u t u r e  miss ion  condi t ions,  t he  mass r a t i o  o f  C02 t o  cab in  gases 
i s  much lower and the bed would run much coo le r .  To make the system work, 
thermal conserva t ion  by means o f  regenera t ive  heat  exchangers i s  necessary. 
The system and i t s  design a re  thereby compl icated.  

and 
LiOH i s  s u f f i c i e n t  t o  keep the bed warm and t o  d r i v e  o f f  water  formed E y the 

As a consequence o f  the p e n a l t i e s  and added comp lex i t i es  o f  LiOH 
systems f o r  long-term f l i g h t s ,  there  has been a g rea t  deal o f  emphasis 
t o  develop low-penalty, regenerable C02-removal systems. One o f  the most 
p romis ing  concepts i nvo l ves  the  use o f  i no rgan ic  mo lecu la r -s ieve  sorbents.  The 
concept has been used by AiResearch i n  a system f o r  Skylab miss ions.  
system i s  capable o f  m a i n t a i n i n g  t h e  p a r t i a l  p ressure  o f  C02 i n  Skylab a t  5 rnrn 
Hg o r  below f o r  t h e  three-man crew. The e n t i r e  system weighs 195 l b ;  two e n t i r e  
systems a r e  inc luded i n  t h e  v e h i c l e  f o r  redundancy, a l though o n l y  one i s  r e -  
q u i r e d  for t h e  C02 c o n t r o l .  The normal energy requirement ( e x c l u s i v e  o f  fans)  
i s  87 w a t t - h r  per  day. The f l o w  through t h e  system i s  15 l b  per  h r ;  c y c l e  t ime 
i s  30 minutes.  Each system conta ins  two beds. Each bed conta ins  

Th is  
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7.5 l b  o f  mo lecu la r  s jeve  13X and 9.9 l b  o f  molecular. s i e v e  5A. I n  add i t i on ,  
IO l b  o f  a c t i v a t e d  charcoal  i s  i nc luded  i n  each RCRS package. The Skylab 

removal, 874 l b  o f  the  m a t e r i a l  would be requ i red ;  h o t  t o  ment ion the  we ig  a t v e h i c l e  i s  t o  be manned f o r  a t o t a l  o f  112 days. I f  LiOH were used fo r  CO 

o f  the  a t tendan t  hardware. 

A t  the  t ime t h a t  t h i s  program'was i n i t i a t e d  ( d u r i n g  the  e a r l y  development . 
p e r i o d  o f  the RCRS), i t  was obvious t h a t  t he re  were many areas i n  the  design o f  
mo lecu la r -s ieve  C02 removal systems where data q u a n t i t y  and q u a l i t y  were mar- 
g i n a l  o r  i n s u f f i c i e n t ,  and t h a t  many areas e x i s t e d  where improvements c o u l d  be 
made i n  design techniques. Thus, t h i s  program was d i r e c t e d  a t  p r o v i d i n g  i n f o r -  
mat ion  and design t o o l s  where t h e r e  were known d e f i c i e n c i e s .  . T h i s  r e p o r t  p re -  
sents the  r e s u l t s  o f  these e f f o r t s .  Some o f  t he  r e s u l t s  o f  the program were 
immediately used i n  the  RCRS development. 

W i t h  any l e a r n i n g  and development process, as more i n f o r m a t i o n  becomes 
a v a i l a b l e  and as des i red  a p p l i c a t i o n s  change, new areas emerge which war ran t  
study. T h i s  has occur red  w i t h  respec t  t o  mo lecu la r -s ieve  C02-removal systems. 
Throughout t h i s  program, where i t  has been possible,  new areas o f  concern 
were i nco rpo ra ted  i n t o  the  study i n v e s t i g a t i o n s ;  however, i t  was n o t  poss ib le  
t o  cover a l l  such areas. I n  some cases, the  need f o r  f u r t h e r  s tudy  has become 
apparent o n l y  r e c e n t l y ;  some o f  these areas a r e  discussed i n  the  l a s t  s e c t i o n  o f  
t h i s  r e p o r t .  
mo lecu la r -s ieve  sorbents i s  sound and p r a c t i c a l  f o r  manned spacec ra f t .  Further,  
the concept has cons iderab le  growth p o t e n t i a l  and thus should be cons idered 
a s  a l ead ing  cand ida te  f o r  C02 removal on f u t u r e  spacecra f t .  

I n  summary, i t  i s  considered t h a t  the  concept o f  C02 removal by 

Program r e s u l t s  a re  presented i n  the remainder o f  t h i s  r e p o r t .  The 
conten ts  o f  the  r e p o r t  a r e  summarized below: 

Sec t ion  1 

Sec t i on  2 

Sec t ion  3 

Sec t ion  4 

Sect ion  5 

Sec t i on  6 

I n  t roduc t  i on 

Bas ic  Scope o f  t he  Study Program--Background in fo rma-  
t i o n  on spacecra f t  mo lecu la r -s ieve  C02-removal systems 
and a review o f  the  scope o f  the  program. 

Equi 1 i b r i u m  Data--Equi 1 i b r i u m  data f o r  CO?, water, 02, 
and No on var ious  molecu la r  s ieve  types, i n c l u d i n q  
coadsgrp t ion  o f  so rba te  pa i  r s  on molecu la r  sieves: 

S i n g l e  Sorbate Dynamic Mass-Transfer Data--Single- 
sorba te  dynami c breakthrough t e s t s  and compari sons o f  
packed- bed heat - t r a n s f e r  sur  faces. 

Eva 1 ua t i on o f  Mass -Transfer -Coef f i c i  e n t s  and I n t r a -  
p a r t i c l e  D i f f u s i v i t i e s - - T h i s  e v a l u a t i o n  based on the  
t e s t s  g i ven  i n  Sec t ion  4 .  

Coadsorption Dynamic Mass-Transfer Tests--Coadsorption 
dynamic breakthrough tests,  i n v o l v i n g  C02 and water  
s imu l taneous ly  adsorbed by molecu la r  s ieves .  

6 



a Section 7 Performance-Prediction Computer Prosrams--Computer 
programs developed under this contract. 

. .  
* o  Section 8 Pressure Drop and Packed-Bed Densi ties--Data for 

molecular sieves in internally finned beds. 
o Section 9 Conclusions and Recommendations 

7 





SECTION 2 

B A S I C  SCOPE OF THE STUDY PROGRAM 

GENERAL 

Th is  s e c t i o n  presents  background i n f o r m a t i o n  on molecu la r  s ieve  adsorbents, 
and on fea tures  o f  spacec ra f t  C02-removal systems u s i n g  molecu la r  sieves. 
the  b a s i s  o f  the background informat ion,  t h i s  s e c t i o n  reviews the  scope o f  the  
research and analyses performed d u r i n g  t h i s  program. 

On 

REGENERABLE MOLECULAR-SIEVE C02-REMOVAL SYSTEMS FOR SPACECRAFT 

Bas ic  C h a r a c t e r i s t i c s  o f  Mo lecu la r  Sieves 

Molecu la r  s ieves  belong t o  the  c l a s s  o f  m a t e r i a l s  c a l l e d  z e o l i t e s  which 
a r e  g e n e r a l l y  c r y s t a l l i n e ,  hydra ted  metal  a lumino S i l i c a t e s .  Many types o f  
z e o l i t e s  a r e  known. The molecu la r -s ieve  type o f  z e o l i t e  has a spec ia l  c r y s t a l -  
l i n e  s t r u c t u r e  which con ta ins  many in te rconnec t ing  cavat ies,  a l l  o f  un i fo rm s i z e .  
The c a v i t i e s ,  o r  "cages," a r e  in te rconnected  by narrow openings, sometimes 
c a l l e d  windows. When formed, the  cages a r e  f i l l e d  w i t h  water. Upon heating, 
the water  can be d r i v e n  o u t  l e a v i n g  a tremendous i n t e r n a l  sur face  area capable 
o f  adsorbing many d i f f e r e n t  gases and l i q u i d s ,  e s p e c i a l l y  p o l a r  molecules l i k e  
CO2 and water. 

When gases a r e  adsorbed by molecu la r  sieves, hea t  i s  g iven  o f f  i n  the  
process. Simply speaking, the  hea t  re lease i s  approximately equal t o  t h e  
l a t e n t  heat  o f  v a p o r i z a t i o n  o f  the  gas a t  the  adso rp t i on  temperature, p l u s  a 
heat o f  adsorp t ion .  For water, t he  t o t a l  heat  re lease i s  about 1400 Btu pe r  
l b  of adsorbed water.  
water t h a t  the  name z e o l i t e  i s  der ived :  from t h e  Greek, "zeo" meaning b o i l ,  
and " 1  i thos" meaning stone. 
m a t e r i a l s  seemed t o  m e l t  and b o i l  when heated--as water was g iven o f f .  Also, 
i n  the  baked-dry cond i t i on ,  r a t h e r  v i o l e n t  h e a t  releases can occur, s i m u l a t i n g  
bo i  1 ing, when zeol  i tes  a r e  dumped i n t o  water.  Some zeol i tes  1 i t e r a l  l y  explode 
when plunged i n t o  water.  

I t  i s  f rom t h i s  r a t h e r  l a r g e  heat e f f e c k  assoc ia ted  w i t h  

E a r l y  observers no ted  t h a t  t he  n a t u r a l  z e o l i t e  

The unique p r o p e r t y  o f  mo lecu la r  s ieves- - the  p r o p e r t y  f o r  which they a r e  
named--is t h a t  t h e  openings between c a v i t i e s  a r e  ve ry  u n i f o r m  i n  s i z e  and 
small  enough (3 t o  IO angstroms, depending on the  c r y s t a l  t ype)  t o  p r o h i b i t  
the e n t r y  and subsequent adso rp t i on  o f  l a r g e  molecules. Thus, i n  many 
instances separa t ions  can be made s t r i c t l y  on the  b a s i s  o f  the  s i z e  o f  t he  
mol ecu l  es. 

The chemical process i n d u s t r y  today uses m i l l i o n s  o f  pounds o f  mo lecu la r  
s ieves  i n  many d i v e r s e  a p p l i c a t i o n s .  The g r e a t  m a j o r i t y  o f  mo lecu la r  s ieves  
are  made s y n t h e t i c a l  l y .  There a r e  t h r e e  manufacturers o f  mo lecu la r -s ieve  o r  
z e o l i t e  sorbents i n  the  Un i ted  S ta tes :  L inde D i v i s i o n  o f  Union Carbide Corp., 
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Davison Chemical D i v i s i o n  o f  W.R. Grace and Co., and Norton Company. O f  major 
i n t e r e s t  a r e  the  s y n t h e t i c  mo lecu la r  s ieves o f  the  type A c r y s t a l  s t r u c t u r e  
and the  t ype  X c r y s t a l  s t r u c t u r e .  W i th  each o f  these types, t he  b u i l d i n g  
b locks  o f  t h e  c r y s t a l  a r e  alumina and s i l i c a  te t rahedra .  
each formed by f o u r  oxygen atoms surrounding an aluminum o r  s i l i c o n  atom. 
Cons ider ing  t h a t  ne ighbor ing  te t rahedra  share oxygen atoms (i .e., each oxygen 
atom i s  shared among f o u r  tetrahedra),  s i l i c a  tetrahedra,  w i t h  s i l i c  
+4 valence state,  a r e  e l e c t r i c a l l y  n e u t r a l .  However, w i t h  aluminum i n  the  +3 
valence state,  the  alumina te t rahedra  a r e  n e g a t i v e l y  charged. Th is  r e q u i r e s  
the presence o f  a c a t i o n  i n  the  c r y s t a l  s t r u c t u r e .  The c a t i o n s  a r c  exchang,e- 
ab le  and a r e ' l o c a t e d  i n  the  v i c i n i t y  o f  t he  windows. By a l t e r i n g  the  s i z e  
and valence of the  cat ions,  t he  window s i z e  may be made, l a r g e r  o r  smal ler .  
For example, w i t h  sodium cat ions,  mo lecu la r  s i e v e  t ype  4A has 4.2-angstrom 
windows. 

These te t rahedra ,a re  

T h i s  i s  t he  pa ren t  A-type molecu la r  sieve; i t  has the  bas i c  formula: 

I 

By exchanging ca lc ium ions  f o r  sodium ions ( i n  t h e  r a t i o  o f  two sodiums f o r  
each calcium), t ype  5A molecu la r  s ieve  i s  produced w i t h  approximately 
5-angstrom windows. Wi th  potassium ions  exchanged f o r  the smal le r  sodium 
ions, t he  openings a r e  c losed  t o  approximately 3 angstroms; the  molecu la r  
s ieve  i s  c a l l e d  type 3A. S i m i l a r l y ,  w i t h  the  X-type c r y s t a l ,  types I O X  and 
13X a r e  a v a i l a b l e .  Type 13X has the  chemical formula:  

I t  has windows o f  about 9 angstroms. 

Because o f  t h e i r  i no rgan ic  c r y s t a l l i n e  nature, mo lecu la r  s ieves  a r e  
extremely i n e r t  and s tab le .  For example, w i t h  normal commercial regenera t ion  
temperatures o f  about 600' t o  700QF, an i n d e f i n i t e  number o f  regenera t ions  o f  
the b a s i c  c r y s t a l  a r e  p o s s i b l e  w i t h o u t  a f f e c t i n g  adso rp t i on  performance. Excel-  
l e n t  r e p e a t a b i l i t y  o f  performance has been exper ienced w i t h  mo lecu la r  s ieves. 

beds wou 
an i n e r t  
s ions  (e  

The 
b inde r .  
chemical 
sorbent 

Most mo lecu la r  s ieves  a re  f i r s t  manufactured i n  the  form o f  f i n e  
c r y s t a l l i t e s .  For 4A and 5A molecu la r  s ieves  manufactured by Linde, t he  
c r y s t a l l i t e s  a r e  cub ic  w i t h  c r y s t a l  s ides  measuring from I t o  5 p, w i t h  the  
average be ing  about 3 p, (Reference 2 ) .  
as a powder) i s  n o t  p r a c t i c a l  f o r  packed-bed opera t i ons  (p ressure  drop i n  

Th is  m a t e r i a l  ( u s u a l l y  r e f e r r e d  t o  

d, be t o o  l a r g e ) ;  therefore,  the base powder i s  usual l y  combined w i  t h  
c l a y  b inde r  and formed i n t o  p e l l e t s  o r  spheres o f  p r a c t i c a l  dimen- 
g., 1/16 t o  1/8 i n . ) .  

I 

f i n a l  mo lecu la r -s ieve  p e l l e t  o r  sphere i s  about 20 percent  c l a y  
I t  i s  d e s i r a b l e  t h a t  t he  b inde r  be as i n e r t  as possible,  bo th  
y and w i t h  respec t  t o  adsorp t ion ;  i t  should be strong, t o  a l l o w  long  
i f e ;  and i t  should possess an open-pore s t r u c t u r e  t o  a l l o w  unhindered 

d i f f u s i o n a l  access t o  the  molecu la r -s ieve  c r y s t a l  1 i tes .  Each manufacturer 
c la ims t o  have produced a molecu la r -s ieve  sorbent which i s  near i dea l  w i t h  
respec t  t o  these p r o p e r t i e s .  I n  add i t ion ,  b i n d e r l F s s  sorbent p a r t i c l e s  have 
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been produced. E a r l y  b i n d e r l e s s  p a r t i c l e s  were reputed  t o  be f r a g i l e  and t o  
have a r a t h e r  r e s t r i c t i v e  pore  s t r u c t u r e .  Newer b i n d e r l e s s  sorbents a r e  
a d v e r t i s e d  as be ing  much s t ronger  and equal i n  dynamic performance t o  the  
standard sorbent p a r t i c l e s  w i t h  c l a y  b inder .  

C h a r a c t e r i s t i c s  o f  Spacecra f t  C02-Removal Systems us ing  Molecu la r  Sieves 
I 

t for  Water P r e d r i e r  Beds. - Mo lecu la r  s ieve  5A has an e q u i l i b -  
r ium l o a d i n g  c a p a c i t y  ' for  C02 o f  0.068 gm C02/gm 5A a t  70°F and a CO p a r t i a l  
p ressure  o f  7 mm Hg. A t  the same temperature and a t  a water  p a r t i a l  pressure 
o f  9.2 mm Hg (50°F dew po in t ) ,  mo lecu la r  s ieve  5A has an e q u i l i b r i u m  c a p a c i t y  
f o r  water ' o f  about 0. I 8  gm H O/gm 5A. However, the  m a t e r i a l  w i  1 1  n o t  s imu l -  
taneously adsorb b o t h  C02 an3 water  t o  these capac i t ies . '  I n  f a c t ,  when bo th  
a r e  present, mo lecu la r  s ieves  u n f o r t u n a t e l y  have a s t rong  pre ference f o r  
water and w i l l  absorb much l e s s  C02. 
ava i l ab le ,  C02 w i l l  be s t r i p p e d  o f f  mo lecu la r  sieves, r e s u l t i n g  i n  no n e t  C02 
adsorp t ion .  

2 

Further, i f  adequate water  vapor i s  

Th is  h y d r o p h i l i c  na tu re  o f  mo lecu la r  s ieve  sorbents has an impor tan t  impact 
on spacec ra f t  C02-removal systems: 
upstream o f  t he  molecu la r -s ieve  C02-removal bed. 
bed must be capable o f  t r a p p i n g  almost a l l  o f  the water i n  the  process a i r  
stream, a l l o w i n g  very  l i t t l e  t o  reach the  C02-removal bed. A removal e f f i c i e n c y  
o f  99.5 percen t  i s  cons idered as a design goal f o r  the  p r e d r i e r .  When a 
molecu la r -s ieve  bed has adsorbed water  t o  the  p o i n t  t h a t  i t s  C02-removal per -  
formance i s  impaired, i t  i s  s a i d  t o  have been "poisoned." Th is  po i son ing  i s  
r e v e r s i b l e  i n  n a t u r e - - l i k e  almost a l l  adsorp t ions  w i t h  mo lecu la r  s ieves. By 
hea t ing  the bed s u f f i c i e n t l y  t o  d r i v e  o f f  t he  water, the C02-removal p e r f o r -  
mance i s  t o t a l l y  r e s t o r e d  t o  t h e  bed. 

each system must c o n t a i n  a p r e d r i e r  bed 
Th is  p r e d r i e r  ( o r  des iccant )  

Two sorbents have been proposed f o r  t he  p r e d r i e r  bed: mo lecu la r  s ieve  
13X and s i l i c a  ge l .  B cause o f  t h i s  use o f  s i l i c a  gel, i t  has been inc luded  
as a s u b j e c t  i n  t h i s  study. Mo lecu la r  s ieve  13X has l e s s  o v e r a l l  capac i t y  f o r  
water a t  spacec ra f t  cab in  c o n d i t i o n s  than s i  1 i c a  gel, b u t  i t  has s u b s t a n t i a l l y  
g rea te r  c a p a c i t y  i n  the  low p a r t i a l - p r e s s u r e  ( l ow  concen t ra t i on )  range. The 
cho ice  o f  sorbent  t o  be used f o r  a p a r t i c u l a r  a p p l i c a t i o n  depends upon design- 
a n a l y s i s  t r a d e o f f s .  For the  Skylab RCRS, mo lecu la r  s ieve  13X i s  used. 
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C y c l i c  Adsorp t ion /Desorp t ion  o f  Beds. - Molecu la r -s ieve  C O  -removal sys- 2 tems operate i n  a c y c l i c  f ash ion  w i t h  two'or,  i n  r a r e  cases, t h ree  se ts  o f  
adso rp t i on  beds. While one s e t  i s  adsorb ing  water  and CO the o t h e r  s e t  i s  
undergoing a deso rp t i on  process. When the r e s p e c t i v e  adso rp t i on  processes 
have reached the  des i red  l i m i t s ,  the process gas i s  switched t o  the f r e s h l y  
desorbed bed system, and the water-  and Cop-laden beds undergo the  deso rp t i on  
process. 

2, 

For  adsorpt ion,  cab in  gas i s  passed through the  two beds ( p r e d r i e r  and 
GO -removal) and re tu rned t o  the cabin. Low head fans a re  s u f f i c i e n t  f o r  t h i s  
a p p l i c a t i o n .  As the adso rp t i on  process occurs, heat  i s  g i ven  o f f  i n  bo th  beds. 
The design o f  the  system nlust f u l l y  account f o r  t h i s  heat '  release, as the 
molecu la r  s ieve  adso rp t i on  c a p a c i t i e s  f o r  CO and water  a re  i n v e r s e l y  r e l a t e d  

2 
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t o  temperature. 
water become less.  

As t he  beds warm, t h e i r  e q u i l i b r i u m  c a p a c i t i e s  f o r  C02 and 

There a r e  two approaches t o  p r o v i d i n g  thermal c o n t r o l  o f  adsorb ing  beds. 
F i r s t ,  i n  an a c t i v e  manner, c o o l i n g  can be supp l i ed  t o  t h e  beds from the  space- 
c r a f t  h e a t - t r a n s p o r t  system. T h i s  r e q u i r e s  t h a t  c o o l i n g  c o i l s  o r  passages be 
i nco rpo ra ted  w i t h i n  the  packed beds. The more e f f i c i e n t  the  c o o l i n g  process 
( w i t h  the  u l t i m a t e  be ing  an isothermal bed) and the  lower t h e  bed temperature, 
the  more e f f i c i e n t  w i l l  be the  adso rp t i on  and t h e  sma l le r  w i l l  be the a l l o w a b l e  
bed s i ze .  The major disadvantage t o  i n t e r n a l  bed c o o l i n g  i s  t h a t  an i n t e r f a c e  
i s  c rea ted  w i t h ,  and a dependency p laced upon, the spacec ra f t  c o o l a n t  system. 
Th is  l a t t e r  system a l s o  sus ta ins  a >pena l t y  due t o  t h i s  a p p l i c a t i o n .  

The second approach i s  t o  fo rego a l l  a c t i v e  c o o l i n g  and a l l o w  the  adsorp- 
t i o n  beds t o  opera te  a d i a b a t i c a l l y .  Bas i ca l l y ,  a l a r g e r  bed mass i s  p rov ided  
so t h a t  t he  heat  re leased i n  adso rp t i on  does n o t  r a i s e  the  bed temperature t o  
an i n t o l e r a b l e  l e v e l .  The bed temperature f l o a t s  somewhat above the  i n l e t  
temperature o f  t he  process gas  stream ( u s u a l l y  cab in  temperature). W i th  t h i s  
approach, a g r e a t  deal o f  s i m p l i c i t y  i s  a l l owed  i n  the  system hardware design; 
f o r  example, i n t e r n a l  c o o l a n t  passages a r e  dispensed w i t h .  However, i n  o rde r  
t o  assure proper  performance, ve ry  accura te  and encompassi ng analyses a r e  
requ i red .  The RCRS fo r  Skylab employs a d i a b a t i c  beds, thus making the system 
independent o f  t he  spacec ra f t  hea t - t ranspor t  system. 

I n  general terms, deso rp t i on  i s  accomplished by s u b j e c t i n g  the  bed t o  
c o n d i t i o n s  where the  e q u i l i b r i u m  p a r t i a l - p r e s s u r e  o f  the  sorba te  on the  bed 
i s  g r e a t e r  than the  ac tua l  p a r t i a l  pressure above the  bed. Th is  can be 
accomplished by s u b j e c t i n g  the  bed t o  an envi ronment where the  sorba te  i s  i n  
low concen t ra t i on ;  i t  can a l s o  be accomplished by i n c r e a s i n g  the  temperature 
o f  t h e  bed, thus i nc reas ing  t h e  e q u i l i b r i u m  p a r t i a l  p ressure  o f  t h e  bed; 
o r  b o t h  methods may be used. 
bed t o  low pressure  (and thus a low p a r t i a l  p ressure  o f  t h e  sorbate), t h e  
bed i s  s a i d  t o ' b e  o p e r a t i n g  i n  a "pressure swing" mode. That i s ,  the bed pres-  
sure swings from the  adso rp t i on  leve l ,  u s u a l l y  cab in  pressure, t o  the  low l e v e l  
employed f o r  desorp t ion .  I f  the  low desorp t i on  pressure  i s  p rov ided  by space 
vacuum, the  bed i s  s a i d  t o  be "vacuum dumped." I f  deso rp t i on  i s  c a r r i e d  ou t  
by h e a t i n g  the  bed, the  opera t i on  i s  c a l l e d  " thermal swing." I f  desorp t i on  
i s  c a r r i e d  o u t  by  f l o w i n g  through the  bed a gas which has a ve ry  small  concen- 
t r a t i o n  o f  sorbate, the  process i s  c a l l e d  "gas s t r i p p i n g .  Combinations o f  
the deso rp t i on  methods a r e  poss ib le ;  f o r  example, a bed might  undergo a com- 
b ined  pressure/ thermal swing i f  the  bed i s  heated as i t  i s  exposed t o  vacuum. 
Heat ing  ( thermal swing) can a l s o  be used w i t h  gas s t r i p p i n g .  

If desorp t i on  3 s  accomplished by  s u b j e c t i n g  t h e  

' I f  

Types o f  Spacecra f t  COP-Removal Systems. - The deso rp t i on  method t o  be 
a p p l i e d  t o  a p a r t i c u l a r  a p p l i c a t i o n  depends g r e a t l y  upon t h e  u l t i m a t e  d e s i r e d  
d i s p o s i t i o n  o f  t h e  separated sorbates, C02 and water. If t h e r e  i s  no need t o  
save t h e  adsorbed C02 and water, then s imp le  vacuum dumping o f  b o t h  p r e d r i e r  
and C02-removal beds i s  p robab ly  t h e  b e s t  a v a i l a b l e  d e s o r p t i o n  method. I n  
such a water-dump/C02-dump system, i t  i s  p o s s i b l e  t o  pack b o t h  sorbents i n  a 
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. To c a b i n  

From 
c a b i n  

To vacuum 

I 

A d s o r b i n g  bed 

1 1  Des0 r b i ng bed 

F i g u r e  2-1. Composi te-Bed,  Water-Dump/C02-Dump 6 0 2  Removal 
System; A f t e r  t h e  R e g e n e r a t i v e  602-Removal S y s t e m  
(RCRS) for t h e  S k y l a b  V e h i c l e  

s i n g l e  bed  c o n t a i n e r .  F i g u r e  2-1 d e p i c t s  t h i s  t y p e  of a c o m p o s i t e - b e d ,  water- 
dump/C02-dump C02-removal  s y s t e m ,  w h i c h  is often c a l l e d  a two-bed s y s t e m .  
The  S k y l a b  RCRS is p r e c i s e l y  t h i s  t y p e  o f  s y s t e m .  

W i t h  c o m p o s i t e  b e d  s y s t e m s ,  i t  i s  almost m a n d a t o r y  t h a t  t h e  d e s o r p t i o n  
t a k e  p l a c e  i n  s u c h  a manner  t h a t  t h e  w a t e r  l e a v i n g  t h e  p r e d r i e r  p o r t i o n  of t h e  
b e d  d o e s  not  t r a v e l  t h r o u g h ,  a n d  h a v e  t h e  o p p o r t u n i t y  t o  a d s o r b  on, t h e  C02- 
removal bed .  I n  effect ,  t h e  d e s o r p t i o n  i s  c o u n t e r f l o w  t o  t h e  a d s o r p t i o n .  As 
a somewha-t more c o m p l i c a t e d  a l t e r n a t i v e ,  a v o i d  s p a c e  may b e  p r o v i d e d  b e t w e e n  
p r e d r i e r  a n d  C02-removal p o r t i o n s  of t h e  bed .  Upon d e s o r p t i o n ,  t h i s  v o i d  
a rea  can b e  o p e n e d  t o  vacuum. By a l s o  o p e n i n g  t h e  p r e d r i e r  i n l e t  t o  vacuum, 
d o u b l e - e n d  d e s o r p t i o n  of t h e  p r e d r i e r  b e d  is a f f o r d e d .  T h i s  a r r a n g e m e n t  i s  
shown i n  F i g u r e  2-2. 

If  t h e  a d s o r b e d  water,  b u t  not t h e  a d s o r b e d  C02, m u s t  b e  s a v e d ,  a n o t h e r  
s y s t e m  a r r a n g e m e n t  i s  r e q u i r e d .  I t  may b e  n e c e s s a r y  t o  s a v e  water e i t h e r  t o  
m a i n t a i n  c a b i n  h u m i d i t y  c o n d i t i o n s  o r  t o  r e c l a i m  a n d  u s e  a l l  w a t e r  a b o a r d  t h e  
s p a c e c r a f t .  
F o r  t h i s  s y s t e m ,  i t  i s  n e c e s s a r y  t o  p h y s i c a l l y  i s o l a t e  t h e  p r e d r i e r  b e d s  from 
. t h e !  r r e s p e c t i v e  CO2-removal b e d s  a n d  to  p r o v i d e  a d i f f e r e n t  means of d e s o r b i n g  

Such  a s y s t e m  w o u l d  b e  known a s  water-save/C02-dump s y s t e m .  
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C02 removal Des i ccant  

To vacuum 

+ 

Figure  2-2. Two-Point Desorp t ion  Scheme f o r  Regenerat i on  o f  Composite 
Sorbent Beds 

the p r e d r i e r  beds. T h i s  can be accomplished by gas s t r i p p i n g .  By proper  
duc t i ng  and va lv ing,  i t  i s  poss ib le  t o  i n t roduce  the  very  dry, C02-lean gas 
e x i t i n g  f rom the adsorb ing  C02-removal bed back i n t o  the desorbing p r e d r i e r  
bed, as shown schemat ica l l y  i n  F igu re  2-3. That  is, t h e  desorp t ion  o f  water  
f rom the p r e d r i e r  beds i s  c a r r i e d  o u t  by a gas -s t r i pp ing  arrangement, us ing  
a l l  o r  a p o r t i o n  of the same process gas stream t h a t  j u s t  passed through the  
adsorb ing beds. Thus, as can be seen from F i g u r e  2-3, a t  any p a r t i c u l a r  t ime 
the process gas stream f lows through th ree  beds: 
i s  removed from the processed gas stream; the  adsorb ing C02 bed, where C02 is 
removed; and f i n a l l y  back through the p r e v i o u s l y  water- loaded p r e d r i e r  bed. 
I n  t h i s  arrangement, care  must be taken t h a t  the  g a s - s t r i p p i n g  opera t i on  i s  as 
e f f i c i e n t  as the adso rp t i on  opera t ion ,  Meanwhile, the desorb ing C02-removal 
bed is opened to vacuum f o r  a more o r  less  s imple vacuum dump. Upon comple- 
t i o n  o f  the cycle,  the bed p o s i t i o n s  are e s s e n t i a l l y  reversed. 

the’ p r e d r i e r  bed, where water 
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To cabin To vacuum 

Figure 2-3. Four-Bed Water-Save/C02-Dump C02 Removal S y s t e m .  

W i t h  somewhat grea te r  system complexity, i t  is  possible t o  produce a semi- 
water-save/C02-durnp system. T h i s  m i g h t  be desired where.there is  an overbun- 
dance of water i n  the cabin, and i t  is desired t o  dump water to vacuum for  a 
f r ac t ion  of the desorption time. In such a system, a gas-stripping operation 
o f  the predr ie r  bed  m i g h t  proceed f o r  a f r ac t ion  of the desorption period, and 
then the bed would be opened to  vacuum t o  f i n a l i z e  the desorption and t o  remove 
excess water from the spacecraf t  cabin. T h i s ,  however, requires a ra ther  
complex system arrangement, w h i c h  i s  probably undesirable.  I n  most instances, 
the same resu l t  can be obtained by using a composite two-bed system and a l t e r i n g  
'the process gas flow ra t e  t o  f i t  the production r a t e s  of C02 and water. 
type of system i s  based on the assumption tha t  the production of C02 and water 
a r e  linked, and tha t  by cont ro l l ing  cabin h u m i d i t y  by the modulation of the 
process gas flow rate ,  C02 removal is  a l s o  properly control led.  

T h i s  



For ext remely long d u r a t i o n  f l i g h t s ,  i t  appears d e s i r a b l e  t o  save bo th  
water  and C02. 
dump system o n l y  i n  the  manner o f  C02 desorpt ion.  Water i s  aga in  removed from 
a p r e d r i e r  bed by gas s t r i p p i n g ;  however, the C02 i s  removed from the  C02- 
removal bed by means o f  h e a t i n g  and vacuum pumping, the C02 be ing  d e l i v e r e d  t o  
an accumulator which would be upstream o f  an oxygen rec lamat ion  u n i t .  

A water-save/C02-save system d i f f e r s  f rom the  water-save/C02- 

SCOPE OF RESEARCH AND ANALYSES 

The research and analyses conducted under t h i s  c o n t r a c t  f o r  the  purpose o f  
genera t ing  bas i c  des ign data and p r o v i d i n g  design t o o l s  f o r  spacecra f t  regener- 
ab le  C02-removal systems was i n  th ree  areas: ( 1 )  expe r imen ta l l y  d e f i n i n g  bas i c  
equi 1 i b r i u m  data f o r  mo lecu la r -s ieve  sorbents, (2)  e v a l u a t i n g  the  dynamic mass- 
t r a n s f e r  performance o f  p ro to type  beds under r e p r e s e n t a t i v e  condi t ions,  and 
(3 )  produc ing  general  performance-predi  c t i  on computer programs f o r  spacec ra f t  
C02-removal systems. 

Equi 1 i b r i u m  T e s t i n g  

E q u i l i b r i u m  s o r p t i o n  capac i t y  r e f e r s  t o  the  u l t i m a t e  capac i t y  o f  a sorbent  
t o  adsorb another  m a t e r i a l  (sorba te)  under g iven  c o n d i t i o n s  o f  temperature and 
sorba te  p a r t i a l  pressure.  Equi 1 i b r i u m  s o r p t i o n  capac i t y  data i s  usual l y  taken 
by exposing a sorbent  sample t o  a c o n t r o l l e d  environment o f  temperature and 
sorba te  pressure.  A f t e r  a s u f f i c i e n t l y  long p e r i o d  o f  time, when equi 1 i b r i u m  
between gaseous and adsorbed sorba te  has been establ ished,  t h e  we igh t  increase 
o f  the  sorbent  m a t e r i a l  i s  noted. The sorbent  capac i t y  o r  sorbent  l oad ing  i s  
u s u a l l y  expressed i n  terms o f  the  mass o f  sorba te  adsorbed on a u n i t  mass o f  
sorbent ;  percentage load ings  (mass o f  sorba te  pe r  100 mass u n i t s  o f  sorbent )  
a r e  sometimes used. Because sorbent  l oad ing  i s  a f u n c t i o n  o f  temperature and 
sorba te  p a r t i a l  pressure, e q u i l i b r i u m  data i s  u s u a l l y  d i sp layed  as a map o f  
l oad ing  vs p a r t i a l  pressure, w i t h  temperature used as a parameter. The l i n e s  
drawn f o r  cons tan t  temperature a r e  c a l l e d  adso rp t i on  isotherms. 

E q u i l i b r i u m  data may be a p p l i e d  i n  a number o f  ways. F i r s t ,  by i t s  
d e f i n i t i o n  (express ing  maximum s o r p t i o n  capac i t i es ) ,  i t  i s  use fu l  i n  i n i t i a l  
comparisons o f  sorbents  o r  s o r p t i o n  cond i t i ons .  Because e q u i l i b r i u m  data 
says no th ing  about rates,  such comparisons can be used on ly  as gu ide l i nes .  
P roper l y  used w i t h  r a t e  in fo rmat ion ,  the  comparisons become more d e f i n i t i v e .  

E q u i l i b r i u m  data i s  a l s o  used i n  the p r e d i c t i o n  o f  the dynamic p e r f o r -  
mance o f  beds, as the mass- t ransfer  d r i v i n g  f o r c e  i s  u s u a l l y  cons idered t o  be 
the d i f f e r e n c e  between the  ac tua l  sorbate p a r t ' i a l  pressure i n  the gas stream 
(pk) and the  equi 1 i b r i u m  p a r t i a l  pressure ( p c ,  eva lua ted  from the equi 1 i b r i u m  
map) w i t h  respec t  t o  the instantaneous bed temperature and loading.  
e q u i l i b r i u m  data i s  necessary f o r  the use o f  per fo rmance-pred ic t ion  computer 
programs. Another use o f  e q u i l i b r i u m  data i s  t h a t  the shapes o f  the adso rp t i on  
isotherms can g i v e  i n s i g h t  i n t o  the r e l a t i v e  ease o r  d i f f i c u l t y  o f  adso rp t i on  
processes. 

Thus, 
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I n  s p i t e  of the basic nature of equilibrium data, a t  the onset  of t h i s  
program much of the required equi 1 ibrium data was scarce, was m i s s i n g  en t i r e ly ,  
o r  was questionable.  A subs tan t ia l  p a r t  of the reasoning why such data was not 
ava i lab le  l i e s  i n  the  range of p a r t i a l  pressures  of i n t e r e s t  f o r  spacecraf t  
systems a s  contrasted t o  those of i n t e r e s t  i n  commercial p rac t ice .  For example, 
C02 removal i n  i n d u s t r y  i s  not usually accomplished w i t h  the  use of s o l i d  
adsorbents. 
C02 par t i a l  pressures  a r e  usual ly  much higher than the  leve ls  experienced i n  
spacecraf t .  

Even when C02 adsorption by molecular s ieves  occurs commerically, 

W i t h  regard t o  water equilibirum on molecular sieves,  i t  should be noted 
tha t  even a t  very low pa r t i a l  pressures these sorbents can hold large quant i -  
t i e s  of water. However, i t  i s  only recent ly  t h a t  high-quality instrumentation 
has become ava i lab le  ( I )  t o  accurately measure water vapor pressures i n  the 
range of i n t e r e s t  (down to  below l p , ) ,  and (2) t o  measure, w i  t h i n  the  apparatus 
used for  equ i l ib r i a  determination, small weight changes of sorbent samples. 
Thus, much of the previously ava i lab le  data is questionable.  To c l a r i f y  the 
i n t e r e s t  i n  low water-vapor pressure, i t  i s  noted t h a t  L i n d e  5A has an e q u i l i -  
brium capaci ty  o f  about 8.5 percent a t  7OoF and a t  a water vapor pressure of 
only 0.006 mm Hg; t h a t  is, a t  -8OOF f r o s t  point.  Further, a t  8.5 percent water 
loading, molecular s ieve  5A exhib i t s  a d r a s t i c  poisoning e f f e c t  w i t h  respect 
t o  C02 adsorption. 

For many new sorbents ( f o r  example, sorbents w i t h  improved binders) there  
was l i t t l e  equilibrium data by which t o  judge t h e i r  potent ia l  usefulness.  
Furthermore, there  was essent ia l  l y  no data a t  a1 1 on the equi 1 i b r i u m  capac i t i e s  
of molecular s ieves  when both water a n d  C02 were present.  A s  discussed e a r l i e r ,  
because of the poisoning nature of water, i t  i s  most des i rab le  t o  have quant i -  
t a t i v e  information on the equilibrium capacity for  C02 i n  the  presence of water 
vapor; therefore,  a good deal of the equilibrium data taken i n  t h i s  cont rac t  
has been for  C02 and water simultaneously on molecular s ieves .  There was a l s o  
i n t e r e s t  i n  sorbate  pa i r s  other  than C02 and water. Thus, data was a l s o  taken 
f o r  C02 pai red w i  t h  oxygen, C02 paired w i  t h  n i  trogen, water paired w i  t h  oxygen 
a n d  water paired w i t h  nitrogen. The data and explanations of the equilibrium 
t e s t s  t ha t  were conducted a r e  presented i n  Section 3. 

Single-Sorbate Dynamic Test ing 

E q u i l i b r i u m  data i s  probably the most basic  of a l l  ca tegor ies  of mass- 
t r ans fe r  information. .However, the knowledge of the equilibrium sorpt ion 
capacity of the pa r t i cu la r  sorbent is  not s u f f i c i e n t  t o  declare  t h a t  i t  is a 
good sorbent, and tha t  i t  w i l l  perform well under dynamic conditions.  One 
of the goals of t h i s  program was to  charac te r ize  molecular-sieve sorbents 
fo r  water and  C02 under representat ive dynamic conditions.  To accomplish th i s ,  
special  beds were produced which incorporated the l a t e s t  concepts i n  in te rna l -  
coolant hea t - t ransfer  surfaces .  U s i n g  these beds, s ingle-sorbate  mass-transfer 
experiments were ca r r i ed  out under isothermal conditions.  The reason fbr using 
isothermal adsorptions was to  e l iminate  hea t - t ransfer  considerat ions from 
evaluation of mass-transfer parameters. Therefore, t o  the g rea t e s t  ex ten t  
possible,  the beds were kept isothermal d u r i n g  the e n t i r e  adsorption runs .  
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The sorbent/sorbate combinations s t u d i e d  i n  the dynamic t e s t s  were: 
water adsorbing on s i l i c a  g e l ;  water adsorbing on Linde 13X molecular s i eve ;  
C02 adsorbing on Linde 5A molecular s i eve ;  C02 adsorbing on Davison 5A molecular 
s i eve ;  and C02 adsorbing on Linde 13X molecular sieve.  A l l  of the  s ing le-  
sorba te  adsorption t e s t s  were i n i t i a t e d  by subjec t ing  the bed t o  a prolonged 
vacuum-bakeout t o  remove e s s e n t i a l l y  a l l  t r aces  of C02 and water. 
t ions  were c a r r i e d  out w i t h  nitrogen as  the c a r r i e r  gas for  t h e  C02 o r  water 
vapor. The nitrogen/C02 or n i t rogedwa te r  gas stream was passed through the 
sorba te  bed u n t i l  the o u t l e t  concentration from the bed f i n a l l y  rose t o  tha t  
of the i n l e t  concentration; t h a t  is, u n t i l  complete breakthrough of the 
sorbent was obtained. 
nitrogen were c a r r i e d  out a f t e r  adsorption t e s t s .  The data from the break- 
through runs and gas s t r i p s ,  and the discussion of the r e s u l t s  of these t e s t s ,  
a r e  contained i n  Section 4 .  

A l l  adsorp- 

For some cases, gas s t r ipp ing  desorptions u s i n g  d r y  

Evaluation of Mass-Transfer Coeff ic ien ts  

Using  the single-sorbate breakthrough curves a s  basic data, and w i t h  the 
help of the performance-prediction computer programs produced under t h i s  program, 
mass-transfer parameters were evaluated. For the sorbent systems i n  question, 
the mass-transfer parameters of i n t e r e s t  a r e  the mass-transfer c o e f f i c i e n t  K 
and the e f f e c t i v e  i n t r a p a r t i c l e  d i f fus iv i ty ,  D -  T h e  mass-transfer c o e f f i c i e n t  
r e l a t e s  t o  the conductance of the convective mass-transfer process a s  the 
sorbate moves from the f r e e  stream of gas w i t h i n  the bed t o  the sorbent -pe l le t  
boundary. The e f f e c t i v e  sorbate d i f fus iv i  t y  r e l a t e s  t o  the diffusional con- 
ductance a s  the sorbate t r ave l s  through the pore s t r u c t u r e  o f  the sorbent 
p e l l e t .  The means of determining the mass-transfer coe f f i c i en t s  and d i f f u s i -  
v i t i e s  from the breakthrough data, and the r e s u l t s  of these evaluations a r e  
contained i n  Section 5.’ 

9 

Coadsorption Dynamic Testing 

I n  order t o  obtain a grea te r  understanding of the water poisoning e f f e c t  
on C02-removal beds, a s e r i e s  of coadsorption t e s t s  were conducted i n  the 
dynamic mass-transfer apparatus. A few of these runs involved the simultaneous 
adsorption of C02 and water onto a sorbent bed. However, most of the coadsorp- 
tion runs were conducted i n  somewhat d i f f e r e n t  manner: After an i n i t i a l  
vacuum-bakeout, the bed was allowed t o  acquire a preload of water, up t o  a 
designated loading, by means of adsorption from a water-bearing nitrogen 
stream. The water preload was usually 7 t o  9 percent, corresponding t o  an 
equilibrium water vapor pressure of -8OOF f r o s t  point.  
loading, a stream of n i  trogen and C02 was passed through the bed and i t s  C O z -  
removal performance monitored. Section 6 contains the data and the di scussi ons 
of these rather unique t e s t s .  

Following t h e  water pre- 
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Performance-Prediction Computer Programs 

Section 7 contains discussions of the computer programs produced under 
this contract. 
programs were produced. The first program concerns composite-bed water-dump/ 
C02-dump systems. 
four-bed systems that involve any combination of water-save, water-dump, 602- 
save, or C02-dump provisions. Further, it has features to allow the prediction 
of the gradual buildup of water on the C02-removal bed over long periods of 
operation, and the prediction of the C02-removal performance of the bed in the 
face of the poisoning effect of water. 
removal-system design and evaluation efforts are also discussed and presented 
in Section 7. 

Two major C02-removal-system performance-prediction computer 

The second and more general computer program deals with 

Additional programs useful in C02- 

Pressure Drop and Packed-Bed Dens i ty 

Section 8 contains design information on packed-bed density and pressure 
drop for molecular-sieve and silica-gel beds. 
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SECTION 3 

EQUILIBRIUM DATA 

INTRODUCTION 

T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  of tests p e r f o r m e d  on v a r i o u s  m o l e c u l a r -  

T h e  e q u i  1 i b r i u m  s o r p t i o n  c a p a c i t y  
s i e v e  m a t e r i a l s  to d e t e r m i n e  t h e i r  e q u i l i b r i u m  s o r p t i o n  c a p a c i t y  for  s p e c i f i c  
g a s e s  a t  v a r i o u s  p r e s s u r e s  a n d  t e m p e r a t u r e s .  
refers to  t h e  u l t i m a t e  c a p a c i t y  of a s o r b e n t  t o  a d s o r b  a n o t h e r  m a t e r i a l  u n d e r  
g i v e n ,  c o n s t a n t  c o n d i t i o n s  of t e m p e r a t u r e  a n d  s o r b a t e  p a r t i a l  p r e s s u r e .  T h e  
s o r b a t e  c a p a c i t y ,  o r  l o a d i n g ,  is u s u a l l y  e x p r e s s e d  i n  terms of t h e  mass of 
s o r b a t e  a d s o r b e d  o n  a u n i t  mass of s o r b e n t ,  o r  a 1  t e r n a t i v e l y ,  as  a p e r c e n t a g e  
l o a d i n g ,  i .e . ,  mass of s o r b a t e  p e r  100 mass u n i t s  of s o r b e n t .  

T h i s  s e c t i o n  is d i v i d e d  i n t o  f o u r  s u b s e c t i o n s :  

0 E q u i l i b r i u m  t e s t  e q u i p m e n t  a n d  p r o c e d u r e s  - D e s c r i b e s  t h e  t e s t  
s e t u p  a n d  t h e  test e q u i p m e n t  u s e d ;  d e f i n e s  t e s t  t e c h n i q u e s  u s e d  
t o  o b t a i n  s p e c i f i c  d a t a ;  a n d  d i s c u s s e s  some of t h e  p r o b l e m  areas 
e ncoun t e r e d .  

o S i n g l e - s o r b a t e  e q u i l i b r i u m  tes t  d a t a  - I n c l u d e s  a l l  d a t a  t a k e n  
p e r t a i n i n g  t o  s i n g l e  g a s  o r  v a p o r  a d s o r p t i o n  b y  v a r i o u s  m o l e c u l a r  
s i e v e  a n d  s i l i c a  g e l  s o r b e n t s .  Where a p p l i c a b l e ,  t h i s  d a t a  is 
compared  w i t h  p r e v i o u s l y  e x i s t i n g  d a t a .  

m C o a d s o r p t i o n  e q u i  l i b r i u m  tes t  d a t a  - P r e s e n t s  a l l  d a t a  t a k e n  w h e r e  
a s o r b e n t  was p r e l o a d e d  w i t h  g a s  o r  v a p o r  to  some p r e d e t e r m i n e d  
level  a n d  t h e n  s u b j e c t e d  to  t h e  p a r t i a l  p r e s s u r e  of a n o t h e r  g a s  
s o r b a t e .  T h e  e q u i  1 i b r i u m  c o a d s o r p t i o n  b e h a v i o r  of several s o r b a t e  
p a i r s  o n  L i n d e  5 A  a n d  o n  L i n d e  13X h a v e  b e e n  s t u d i e d  a n d  are  
p r e s e n t e d  i n  t h i s  s e c t i o n .  

o Heat of a d s o r p t i o n  - D i s c u s s e s  r e l a t e d  h e a t  of a d s o r p t i o n  a s s o c i a t e d  
w i t h  t h e  s i n g l e - s o r b a t e  a d s o r p t i o n s .  

EQUILIBRIUM TEST EQUIPMENT A N D  PROCEDURES 

T e s t  Equipment  

T h e  e q u i l i b r i u m  tes t  s e t u p  s c h e m a t i c  is shown i n  F i g u r e  3-1; a p h o t o g r a p h  
of t h e  a p p a r a t u s  is shown i n  F i g u r e  3-2. T h e  b a s i c  p u r p o s e s  of t h e  a p p a r a t u s  
a r e  ( I )  to  p r o v i d e  t h e  p r o p e r ,  c o n t r o l  l e d  a d s o r p t i o n  e n v i  ronment  f o r  t h e  sor- 
b e n t  tes t  s a m p l e ,  a n d  (2) to m e a s u r e  t h i s  e n v i r o n m e n t  a n d ,  b y  w e i g h t ,  to 
o b t a i n  t h e  a d s o r p t i o n  c a p a c i t y  of t h e  s a m p l e .  The  test s c h e m a t i c  i s  d i v i d e d  
i n t o  s i x  s u b s y s t e m s  for  f u n c t i o n a l  p r e s e n t a t i o n :  
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F i g u r e  3-2.  P h o t o  o f  E q u i l i b r i u m  T e s t  S e t u p  
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e a r t  o f  the  system i s  the e lec t roba lance  module, c o n s i s t i n g  o f  a 
ec t roba l  ance and i t s  ux i  l i a r y  equipment. Th i s  v i c e  i s  a beam 

w i  t h  a feed-back servo ys tem des i gned t o  keep t h  earn l e v e l .  The 
r o t a t i o n  o f  t h e  balance beam i s  done o p t i c a l l y .  The o p t i c a l  

which, a f t e r  a m p l i f i c a t i o n ,  i s  d i r e c t e d  t o  an e l e c t r o -  
am fulcrum. The electromagnet produces a to rque which 
a l e v e l  p o s i t i o n .  The electromagnet c u r r e n t  i s  
t r a n s l a t e d  i n t o  a we igh t  reading. 

es t ,  t he  balance i s  zeroed by us ing  c a l i b r a t e d  weights 
an. A f t e r  t h i s ,  a l l  we igh t  read gs a re  ob ta ined 
s no need f o r  mechanical feed- th  ughs and t h e  balance 
i t h i n  the t e s t  envelope. The balance i s  i n s e n s i t i v e  

t o  p ressure  l e v e l s  w i t h i n  the  apparatus. Because o f  i t s  excel  l e n t  s e n s i t i v i t y ,  
and the a b i l i t y  t o  produce accura te  we igh t  readings when sub jec ted  t o  the  

i ns t rumen t f o r 
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Sample temperature was measured by  a chromel-a1 umel thermocouple sus- 
pended v e r y  c lose  t o  the  sample weigh pan. The thermocouple d i d  n o t  a c t u a l l y  
touch the  sorbent  o r  the  weigh pan as t h i s  would have caused erroneous we igh t  
readings. Sorbent temperature was c o n t r o l  l e d  by immersing the  g lass  sample 
tube i n  a temperature c o n t r o l l e d  bath, o r  b y  a f f i x i n g  an e l e c t r i c  hea te r  
around t h e  sample tube. O r i g i n a l  l y ,  t he  thermocouple re fe rence j u n c t i o n  was 
l o c a t e d  w i t h i n  t h e  upper p o r t i o n  o f  the  g a s - t i g h t  g lassware o f  t h e  t e s t  setup. 
The j u n c t i o n  was cons idered t o  be a t  room temperature. La ter ,  a feed th rough 
arrangement was made and the  re fe rence j u n c t i o n  was moved o u t s i d e  o f  t h e  
glassware i n t o  an i c e  bath. 

Tab le  3-1 prov ides  a l i s t  o f  the  t e s t  equipment (Referenced by i t e m  
number t o  F i g u r e  3-1) used and b r i e f l y  descr ibes  what f u n c t i o n  the  equipment 
s a t i s f i e d ,  and, where app l i cab le ,  i t s  t o le rance  and range. A l l  a c t i v e  l i n e s  
and va lves  o f  t h e  setup a r e  Pyrex glass.  
c h a r a c t e r i s t i c s  a t  low pressures o r  h i g h  temperatures was n o t  used. The t e s t  
setup ( F i g u r e  3-1) w i l l  m a i n t a i n  a system pressure  o f  0.02 1 ~ .  Hg. 

Equipment which e x h i b i t s  o f f - g a s s i n g  

Tes t P rocedu r e  

The t e s t  procedure f o r  p roduc ing  e q u i l i b r i u m  s o r p t i o n  c a p a c i t y  da ta  i s  
re1 a t i v e l y  s imp le  and s t r a i g h t  forward, b u t  t he  p r e p a r a t i o n  and maintenance o f  
the  equipment p r i o r  t o  a c t u a l l y  t a k i n g  e q u i l i b r i u m  data  i s  more s u b t l e  i n  
nature.  To produce accura te  data, the  system must be thorough ly  d r y  and leak  
t i g h t ,  and must be main ta ined i n  t h i s  cond i t i on .  Many l a b o r a t o r y  hours were 
spent i n  p roduc ing  and v e r i f y i n g  a leak  t i g h t  system. 

The f i r s t  s tep  i n  t h e  e q u i l i b r i u m  procedure i n v o l v e s  ze ro ing  o f  t h e  
e lec t roba lance.  
weigh pan. 
a l a b o r a t o r y  balance and p laced on to  the e lec t roba lance  weigh pan. To a v o i d  
p i c k i n g  up o f  any cons iderab le  amount o f  water  from the  atmosphere, t h i s  
o p e r a t i o n  i s  done as q u i c k l y  as poss ib le .  The system i s  then c losed o f f ,  and 
a l l  p o r t i o n s  o f  t he  system, except the  gas supp ly  system, a r e  pumped down, i n  
o r d e r  t o  d r y  o u t  t h e  system. A t  the  same time, water  and o t h e r  sorbates a r e  
removed from t h e  sample b y  means o f  a vacuum-bakeout. 
6OO0F, i s  c a r r i e d  o u t  by  p l a c i n g  the  e l e c t r i c  hea te r  around the g lass  tube 
which surrounds the  sample weigh pan. 
however 6OO0F was adopted as’ the  standard bakeout temperature; t h i s  w i  1 1  be 
discussed a t  g r e a t e r  l e n g t h  l a t e r .  

Th i s  i n v o l v e s  the  use o f  a c a l i b r a t i o n  we igh t  (60 mg) on the 
Then a sorbent  sample o f  approx imate ly  65 mg i s  weighed out on 

The bakeout, u s u a l l y  a t  

Some bakeouts were conducted a t  4 O O 0 F ,  

Bakeout o f  t he  sorbent sample i s  con t inued u n t i l  a s t a b l e  system pressure  
i s  obtained, and the  Cahn e lec t roba lance  shows no we igh t  change t a k i n g  place. 
The s t a b i l i z e d  pressure  i s  u s u a l l y  l ess  than I PHg. Once the  bakeout i s  suc- 
cess fu l  l y  completed, t he  sorbent  i s  a1 lowed t o  coo l  t o  the  desi r e d  temperature, 
and p r o v i s i o n s  a r e  made t o  m a i n t a i n  t h i s  temperature w i t h  e i t h e r  a h e a t e r  o r  a 
bath. When the  desi red  sorbent  temperature i s  es tab l i shed,  s t i  1 1  a t  vacuum 
cond i t i ons ,  t he  we igh t  o f  sample as g i ven  by the Cahn e lec t roba lance  i s  read; 
t h i s  we igh t  i s  adopted as the  base o r  d r y  we igh t  o f  sorbent. U s u a l l y  t,here i s  
l i t t l e  d i f f e r e n c e  between t h i s  we igh t  and t h a t  measured a t  the  bakeout tempera- 
tu re .  However, because o f  the  poss i  b i  1 i t y  o f  thermal c u r r e n t s  o r  temperature 
g rad ien ts  which migh t  produce inaccu ra te  readings, t h e  h o t  we igh ts  a re  n o t  used. 
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TABLE 3-1 

TEST EQUIPMENT 

Reference 
Number 

I 

1 . 1  

1.2 

1.3 

I .4 

1.5 

2 

2. I 

2.2 

2.3 

2.4 

3 

3. I 

3.2 

3.3 

3.4 

4 

4. I 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

5 

5. I 

5.2 

5.3 

6 

6. I 

6.2 

6.3 

General Descr ip t ion  
and Model I d e n t i f i c a t i o n  

Pressure Control  Sect ion 

Weigh Vacuum ump, Model 1402 

Mercury i f f u s i o n  Pump 

Fabco Dewar 

Fabco Dewar 

Pyrex Valves, V- type 

Gas Supply System 

Fabco Dewar 

Wal lace and Tiernan Pressure 
Gage, R/N 445015 

Hoke Gas Plenum 
Va 1 ves 

Water Supply System 

Walch Vacuum Pump, Model 1405 

Fabco Dewar 

Water Reservoir  

Pyrex Valves, V-type 

Pressure Measurement Sec t ion  

MKS Ba r a t  ron P ressu remeter, 
Type 77 R/N 445946 

MKS Baratron Pressure Heads, Type 77 

McLeod Gauge Type GM100-A 

I o n  Tube IG I O O / C  

Fabco Dewar 

Va 1 ves 

Pyrex Valves, V- type 

Temperature Control Sect ion 

Leeds Northrop Temperature 
B r i  dge S/N 8690, R/N 4381 79 

Reference The rmocoup 1 e 

Constant Temperature Bath 

Electrobalance System 

Cahn Electrobalance S/N 10307 

Cahn Electrobalance Control R/N 468009 

Leeds Northrop Speedomax R/N 430296 

Remarks 

Controls t e s t  system from 0.02 t o  760 mn Hg 

Controls t e s t  system from 3 t o  760 mm Hg 

Cont ro ls  t e s t  system frmm 0.02 t o  3 mn Hg 

Thermal s i n k  

Thermal s ink  

Se lec ts  system route 

Provides gas t o  sorbent 

Thermal s i n k  

Monitors gas supply pressure 

Stores gas f o r  t e s t  use 
F i  11 and system supply valves 

Provides water  vapor f o r  the t e s t  

Provides low pressure source f o r  
vapor iz ing  water 

Thermal s i n k  

Water supply f o r  system t e s t  

Ac t iva tes  water d i s t r i b u t i o n  

Provides accurate system 
pressure measurement c a p a b i l i t y  

System pressure readout 

Transducers f o r  i tem 4. I 

Reference system pressure readout 

Thermal s ink  

Used f o r  c a l i b r a t i o n  o f  MKS heads an 
system moni to r ing  

System valves 

Maintains and monitors sorbent temperature 

Readout f o r  temperature 

Reference f o r  temperature meas uremen t 

Temperature cont ro l  f o r  sorbent 

Provides weight mon i to r ing  

Electrobalance devise 

Cont ro ls  f o r  weight ou tpu t  

Chart recorder f o r  weight change 
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Then t h e  t e s t  gas, f rom t h e  gas supply  system i s  in t roduced t o  the  system 
a t  the pressure r e q u i r e d  f o r  t h e  f i r s t  datum p o i n t .  The system c o n d i t i o n s  are  
mainta ined cons tan t  u n t i  1 the pressure s t a b i  1 i z e s  and the  Cahn e l e c t r o b a l a n c e  
i n d i c a t e s  no we igh t  change t a k i n g  place. The sorbent  gas load ing  i s  then 
determined by t h e  change from the  bakeout d r y  weight.  

A d d i t i o n a l  sorba te  gas i s  in t roduced and t h e  procedure i s  repeated f o r  a 
h igher  pressure.  I n  t h i s  manner, any number o f  data p o i n t s  can be obtained, 
thereby produc ing  one a d s o r p t l o n  isotherm. The bakeout procedure i s  then 
repeated and another  i so therm can be generated. The developed isotherms a r e  
then p l o t t e d  and, where a p p l i c a b l e ,  c e r t a i n  t e s t s  o f  cons is tency a r e  made. 

The t e s t  procedure f o r  coadsorpt ion e q u i l i b r i u m  t e s t s  i s  s i m i l a r ,  except 
t h a t  a sorbent  p re-adsorp t ion  o r  p r e l o a d i n g  procedure i s  performed. For  t e s t s  
i n v o l v i n g  water  and another  sorbate water  vapor, produced by the water  supply  
system, i s  f i r s t  d i s t r i b u t e d  t o  t h e  sorbent  a t  a s p e c i f i c  temperature and 
pressure.  When the system reaches pressure and we igh t  s t a b i l  i t y ,  the percent  
o f  water load ing  i s  noted. Then the gas supply  system i s  opened t o  the system 
and the  second sorbate gas i s  d i s t r i b u t e d  t o  the  sorbent.  The p a r t i a l  pressure 
o f  the second sorbate gas i s  assumed t o  be equal t o  the t o t a l  pressure minus 
the i n i t i a l  water  vapor p a r t i a l  pressure.  Th is  assumption i s  v a l i d  as long as 
none o f  the  i n i t i a l l y  adsorbed water  i s  desorbed by the  gas and no leakage 
i n t o  the system occurs. The c o n d i t i o n  o f  no water  un load ing  was v e r i f i e d  on 
a sample t e s t  by making a complete mass balance o f  the gases i n  the  e q u i l i b r i u m  
apparatus;  t h i s  invo lved the measurement o f  i n t e r n a l  volumes and system pres-  
sures. Once the system reaches pressure and weight  e q u i l i b r i u m ,  the  co- 
adsorp t ion  e q u i l i b r i u m  data  can be ob ta ined and p l o t t e d .  
therms are  presented l a t e r  i n  t h i s  s e c t i o n .  

The developed iso-  

Exper imental  Problem Areas 

There are  severa l  areas which, because o f  procedures o r  l i m i t a t i o n s  o f  
t e s t  equipment, may have caused inaccuracy i n  the  data. The major problem 
areas are  discussed below. 

Sorbent Bakeout Temperature.-Previous t o  t h i s  cont rac t ,  6OO0F was used as 
the vacuum-bakeout temperature p r i o r  t o  adsorp t ion  t e s t i n g .  T h i s  temperature 
a l s o  seems t o  be w i d e l y  used i n  indus t ry .  However, a t  the  s t a r t  o f  t h i s  pro- 
gram, i t  became apparent t h a t  spacecra f t  systems would n o t  be a b l e  t o  produce 
bakeouts a t  60OOF. Instead,  4OO0F was considered more l i k e l y .  Therefore,  i n  
an at tempt  t o  produce more-di r e c t l y - u s e a b l e  eng ineer ing  data, 4OO0F was adopted 
f o r  vacuum bakeouts. 
even w i t h  C02 gave e q u i l i b r i u m  data t h a t  was lower than prev ious  AiResearch 
data, o r  t h a t  was a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Some s p e c i a l  comparison t e s t s  
were performed; t h e  r e s u l t s  of these t e s t s  i n d i c a t e d  t h a t  6OO0F bakeouts should 
be used. Therefore, for  a l l  subsequent t e s t s  6OO0F bakeouts were performed. 
However, n o t  a l l  400°F-bakeout t e s t s  were r e r u n  and some o f  these data a r e  
presented i n  t h i s  r e p o r t .  A s  such, these data a r e  c l e a r l y  l a b e l l e d  as to  
bakeout temperature. 

A f t e r  some t e s t i n g ,  i t  became apparent t h a t  4OO0F bakeouts, 

27 



Sorbent Temperature Measurement.-Early i n  the  program, measurement o f  
sorbent  temperature caused cons iderab le  problems. The problem area developed 
because the re  was no way prov ided w i t h  the Cahn e lec t roba lance  e l e c t r i c a l  feed- 
through t o  pass the  chromel-alumel thermocouple w i  r e  o u t  o f  the apparatus w i th -  
o u t  c r e a t i n g  a d d i t i o n  thermocouple junc t ions .  Therefore, a re ference j u n c t i o n  
was setup i n s i d e  the  apparatus. I t  was loca ted  near the Cahn e lect robalance,  
and was supposed t o  be a t  room ambient temperature. However, due t o  i t s  p r o x i -  
m i  t y  t o  the  Cahn-balance l i g h t  source, i t s  temperature was a c t u a l l y  unknown and 
v a r i e d  w i t h  system pressure. La ter ,  t h i s  problem was complete ly  so lved when 
the j u n c t i o n  was removed and a bulkhead seal  was prov ided which a l lowed the 
thermocouple w i  res t o  pass d i r e c t l y  o u t  o f  the apparatus. A 32OF re ference 
j u n c t i o n  was then prov ided e x t e r i o r  t o  the  system. 

Some o f  the  e a r l y  data has s c a t t e r  i n  i t  which i s  undoubtedly due t o  
sample temperature-measurement inaccuracy. A1 though c a l i b r a t i o n s  were made i n  
a l l  cases w i t h  the e a r l y  thermocouple system, i t  i s  b e l i e v e d  t h a t  the c a l i b r a -  
t i o n s  were n o t  s u f f i c i e n t  t o  account f o r  a1 1 modes o f  operat ion.  Therefore,  
some measurements a re  suspected o f  be ing  i n c o r r e c t .  As much as poss ib le ,  the  
data was e d i t e d  and o n l y  r e l i a b l e  data have been presented. 

Leakage.-Leakage o f  atmospher ic gases i n t o  the  apparatus was always a 
pr ime concern. Depending upon the  t e s t  cond i t i ons  and the sorbent  l oad ing  a t  
the t ime a leak  develops, the measurable e f f e c t s  o f  a leak  a re  n o t  r e a d i l y  
p red ic tab le .  C e r t a i n l y  i f  a sorbent  i s  n e a r l y  sa tu ra ted  w i t h  water, a leak  
would be n o t i c e d  w i t h  increase i n  system pressure, w i t h o u t  apparent we igh t  
increase. However, a t  low pressure l e v e l s  and low loadings w i t h  sorbates o t h e r  
than water, leakage may n o t  be n o t i c e a b l e  from system pressure readings, b u t  
unusual l y  h i g h  loadings (due t o  water  vapor adsorp t ion)  migh t  r e s u l t .  
g rea t  care and d i l i g e n c e  on the p a r t  of t e s t  personnel  was exerc ised i n  n o t i n g  
t rends o f  t he  readings, and i n  f requent  leak checks. 

Therefore,  

Slowness o f  Adsorp t ion  i n  Low Pressure Ranqes.-Under some cond i t i ons  
o f  very  low pressure ( i n  the range o f  50 IJ. Hg and below), the d r i v i n g  f o r c e  
f o r  adso rp t i on  o r  desorp t ion  i s  very  low and r e l a t i v e l y  long per iods  o f  t ime 
are  requ i red  t o  achieve equ i l i b r i um.  Sometimes i t  was d i f f i c u l t  t o  determine 
whether equi 1 i b r i um had been achieved o r  i f  system cond i t i ons  were va ry ing  
s l i g h t l y .  Therefore,  t he re  i s  some quest ion concerning a l l  data i n  the ve ry  
low p a r t i a l  pressure region. One e f f e c t  o f  s low adsorp t i on  i s  t h a t  data seem 
t o  be s l i g h t l y  low when data p o i n t s  a re  taken f o r  i nc reas ing  pressures;  t h a t  i s ,  
when gas i s  added t o  the system t o  produce the  nex t  adsorp t ion  cond i t ion .  On 
the o t h e r  hand, data seems t o  be s l i g h t l y  h i g h  when t e s t s  were taken w i t h  
decreasing pressure l e v e l s ;  t h a t  i s ,  by pumping gas o u t  o f  the  system. Due t o  
the t ime involved,  n o t  a l l  systems rece ived as much i n v e s t i g a t i o n  i n  the low 
pressure reg ion  as would be des i  red. 

R e v e r s i b i l i t y  o f  Adsorp t i on . - I t  i s  no ted  t h a t  e a r l i e r  d u r i n g  e q u i l i b r i u m  
t e s t i n g  there  was concern o f  r e v e r s i b i  l i t y  o f  adsorp t ion  and degradat ion o f  the 
sorbent  i t s e l f  due t o  pro longed exposure t o  t h e  t e s t i n g  environment. Specia l  
t e s t s  as w e l l  as cont inued data comparisons i n d i c a t e d  t h a t  adsorpt ions were 
r e v e r s i b l e  and the  s t a b i  1 i t y  o f  the  sorbents  (mo lecu la r  s ieves and s i  1 i c a  g e l )  
was e x c e l l e n t .  Th is  was concluded from r e p e a t a b i l i t y  o f  dry-weight  measurements 
a f t e r  bakeouts, and from equi 1 i b r i u m  data repeatabi  1 i ty. 
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SINGLE-SORBATE TEST DATA 

Manu f ac t u r e  r 

L i  nde 

Davi son 

Linde 

Table 3-2 presents  t h e  cond i t i ons  under which mono-gas s ing le -so rba te  
e q u i l i b r i u m  sorbent  c a p a c i t y  data were taken. 
s t u d i e d  a r e  shown i n  t h e  t a b l e  a long w i t h  sorbent  temperature and pressure 
ranges. 
data . 

The gas/sorbent combinat ions 

F igures 3-3 through 3-22 present  t h e  s ing le -so rba te  e q u i l i b r i u m  

H2° 

77, 167, 120, 
392OF, 
0-10 mm Hg 

I 20°F 
0-10 mm Hg 

7OoF, 
0-10 mm Hg 

TABLE 3-2 

O2 

32, 7OoF 
0-760 mm Hg 

TEST MATRIX FOR SINGLE-SORBATE EQUIL IBRIUM DATA ON MOLECULAR SIEVES 

N2 

32, 68, 120°F 
0-760 mm Hg 

Mo 1 ecu 1 a t 
S i  eve 
Sorbent 

5A 

5A 

I3X 

I3X 

F- 

Davi son 

L i  nde 

L i  nde 

L i  nde 

L i  nde 

7OoF, 
0-10 mm Hg 

7OoF, 
0-10 mm Hg 

70°F, 
0-10 Hg 
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Carbon D iox ide  Equi 1 i b r i um on Molecu la r  Sieves 

F igures  3-3 through 3-9 present  carbon d i o x i d e  isotherms obta ined w i t h  
Davison 5A, L inde IOX, L inde 13X, Linde 4A30, and Linde 5A30 molecu la r -s ieve  
sorbents.  L inde 5A da ta  i s  a l s o  presented. Howevqr i t  has been inc luded from 
prev ious  A p o l i o  A p p l i c a t i o n  Program (AAP) t e s t  data. The 4A30 and 5A30 
sorbents, a l s o  i d e n t i f i e d  as 4AXW and 5AXW respec t i ve l y ,  have been inc luded 
because the  manufacturers performance p r e d i c t i o n s  i n d i c a t e d  an approximate 
40 percent  increase i n  c a p a c i t y  over  the standard 4A and 5A sorbents.  
The b a s i c  d i f f e r e n c e  i n  the t w o  m a t e r i a l s  i s  t h a t  4A30 and 5A30 use a 
d i f f e r e n t ,  supposedly improved binder,  w i t h  respec t  t o  C02 adso rp t i on  

capac i t y .  The t e s t  da ta  does n o t  support  t h i s  con ten t i on ;  the  c a p a c i t i e s  a re  
e s s e n t i a l l y  those o f  standard 4A and 5A. 

F igu re  3-3 presents  70' and I2O0F isotherms f o r  the  Davison 5A sorbent .  
A l s o  inc luded (phantom l i n e s )  i s  t he  curve  f o r  Linde 5A a t  7OoF (AAP data).  
A va r iance  can be seen between the two curves; t h e r e f o r e  the  7mm Hg p o i n t  was 
re - run  f o r  the  Davison 5A sorbent  and i s  shown w i t h  a l a r g e  diamond. This 
p o i n t  co inc ides  w i t h  the curve  f o r  L inde 5A. Th is  migh t  be expected due t o  
the  f a c t  t h a t  b o t h  sorbents a r e  b a s i c a l l y  the  same c r y s t a l  s t r u c t u r e .  There 
could, o f  course, be d i f f e r e n c e s  i n  the  amount o f  b inde r  used. This re - run  
cas ts  some doubt on the  o r i g i n a l  AiResearch isotherms f o r  t h i s  m a t e r i a l .  

F igu re  3-4 presents the da ta  on L inde 5A from the  AAP program. Isotherms 
o f  Oo, 40°, 60°, looo, and 12OoF a r e  included. Ac tua l  da ta  p o i n t s  a r e  i n d i c a t e d  
by c i r c l e s ;  o t h e r  isotherms were i n t e r p o l a t e d .  

F igu re  3-5 presents a 7OoF iso therm f o r  the L inde I O X  sorbent .  F igu re  
3-0 presents  a t a b u l a t i o n  o f  va r ious  isotherms obta ined f o r  L inde 13X sorbent .  
Reference isotherms obta ined a f t e r  va r ious  bakeout temperatures o f  400,500, and 
600°F a re  a l s o  inc luded.  F i g u r e  3-7 presents a summary o f  the  Linde 13X 
sorbent  t e s t  da ta  f o r  GO gas. I nc luded  on the  f i g u r e  a r e  32O, Oo, 70°, 90°, 

and 12OoF isotherms. This summary f i g u r e  inc ludes  da ta  taken i n  the  AAP 
program. 
and 5A30 sorbents .  

2 

F igu re  3-8 presents the 7OoF isotherms obta ined f o r  the  L inde 4A30 

An i n t e r e s t i n g  obse rva t i on  o f  t he  4A30 and 5A30 abso rp t i on  c h a r a c t e r i s t i c s  
i s  t h a t  a c ross  over p o i n t  e x i s t s  a t  approx imate ly  12.5 mm Hg and 8.8 percent  
load ing .  (This is  a l s o  t r u e  w i t h  the  standard 4A and 5A sorbents . )  The 4A20 
sorbent  has a g r e a t e r  p o t e n t i a l  load c a p a c i t y  a t  low pressures and t h e  5A30 
has a g r e a t e r  c a p a c i t y  i n  the  h ighe r  p ressure  range. 

Ob ta in ing  e q u i l i b r i u m  data  f o r  4A30 was extremely ted ious  due t o  the  s low 
adsorp t i on  and deso rp t i on  ra tes .  F i g u r e  3-9 presents a t r a n s i e n t  deso rp t i on  
cu rve  p l o t t e d  f o r  b o t h  4A30 and 13X. The deso rp t i on  was ob ta ined  by s imp ly  
opening the  apparatus t o  the vacuum system. 
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Water Vapor E q u i l i b r i u m  on Molecu la r  Sieves 

The f o l l o w i n g  f i gu res  present  the  water vapor isotherms obta ined w i t h  

r m  taken from the 
Davison and L inde 5A, L inde IOX, Davison and L inde I inde 4A3O and L inde 
5A30. 
AiResearch AAP program and L inde data s 
L inde isotherm a t  7OoF, and a 70'F i s o t  
presents a comparison o f  the  Davison and L inde 5A so.rbent 
Davison cu rve  was run by AiResearch and the L inde curve was 
data sheet 5A-I. F igu re  5-12 presents  a 70'F i 
F igu re  3-13 presents  a comparison o f  t he  davison and L jnde 13X sorbent  a t  
70'F. The L inde data was again taken from the  data sheet and the  Davison 
da ta  produced here. F i g u r e  3-14 presents a f a m i l y  o f  isotherms a t  33', OO', 
70°, 90°, 120°, 208', 302', and 400'F f o r  L inde 13X sorbent .  F igure  3-15 
presents 70'F isotherms f o r  L inde 4A30 and 5A30 sorbents.  

F igu re  3-10 presents a comparison o f  a 70'F i 

I OX sorberit. 

Comparison o f  a l l '  the  prev ious l i s t e d  data i n d i c a t e  t h a t  the  IOX sorbent 
has a s l i g h t l y  h ighe r  load ing  c a p a c i t y  a t  h ighe r  pressures, i .e. ,  f rom IO mm 
Hg down t o  0.1 mm Hg. A t  approx imate ly  0.1 mm Hg the  two c a p a c i t i e s ' a r e  the 
same and f o r  lower pressures the  Davison 5A ind i ca tes  the g r e a t e r  load 
capac i t y .  Low pressure load ing  was ext remely d i f f i c u l t  t o  o b t a i n  due t o  the 
t ime requi  red  t o  s t a b i  1 i ze .  

Oxygen E q u i l i b r i u m  on Molecular  Sieves 

The f o l l o w i n g  f i g u r e s  present  the  oxygen isotherms obta ined w i t h  L inde 
4A, 5A, and 13X sorbents .  
L inde 4A sorbent.  
L inde 5A sorbent, and F igu re  3-18 presents 32', 72', and 120'F isotherms f o r  
the  L inde 13X sorbent.  The 120'F isotherm f o r  t he  L inde I3X sorbent  was 
d i f f i c u l t  t o  o b t a i n  i n  b o t h  the h i g h  pressure and low pressure reg ions;  
however s u f f i c i e n t  mid-range data was ob ta ined t o  demonstrate s lope charac- 
t e r i s t i c s  compat ib le  w i t h  the 32' and 72'F isotherms. 
general  l y  was qu i  t e  smal 1 making data d i  f f  i c u l  t t o  obta in .  

F igure  3-k6 presents a 70'F isotherm f o r  the  
F igu re  3-17 presents  32' and 70'F isotherms f o r  the 

Oxygen load ing  

Comparison o f  the  70'F isotherms i n d i c a t e  ve ry  l i t t l e  t o  choose between 
i n  the th ree  sorbents.  However 4A and 5A do appear t o  possess a s l i g h t l y  
h ighe r  p o t e n t i a l  load capac i t y  a t  h igh .  pressure.  

N i t rogen  E q u i l i b r i u m  on Molecular  Sieves 

The f o l l o w i n g  f i g u r e s  present  the  n i t r o g e n  isotherms obta ined w i t h  L inde 
4A, 5A, and 13X sorbents,  
L inde 4A sorbent  and F igu re  3-20 presents  t h r e e  isotherms f o r  32'F, 68OF, and 
12OoF, f o r  the L inde 5A sorbdnt.  A l so  inc luded on t h i s  f i g u r e  is a referenced 
n i t r o g e n  isotherm obta ined from ESSO (Reference 3) The bas i c  s lope charac- 
t e r i s t i c s  o f  the  AiResearch da ta  and the  referenced isotherm a r e  i n  agreement. 
F igu re  3-21 a l s o  p tesents  th ree  isotherms,. f o r  32'F, 72'F, and 12OoF, f o r  t he  
L inde 13X sorbent.  The L inde 5A appears t o  have the g rea tes t  p o t e n t i a l  load 
capac i t y  o f  the th ree  m a t e r i a l s  a t  b o t h  h i g h  and low pressure l eve l s .  

F igu re  3-19 presents  a 70'F isotherm f o r  the 
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observa t ion  i s  based on an approximated 70°F isotherm. The 4A and 13X are  
e s s e n t i a l l y  i d e n t i c a l ,  w i t h i n  exper imental  r e p e a t i b i l i t y ,  a t  low pressure 
l e v e l s ;  however the  4A has an i n c r e a s i n g l y  h ighe r  l oad  capac i t y  f rom approx i -  
mate ly  200 mm Hg on up t o  760 mrn Hg. 

Water Vapor E q u i l i b r i u m  on S i l i c a  Gel 

A t e s t  s e r i e s  was performed on S i l i c a  ge l  t o  determine the  water vapor 
adso rp t i on  c h a r a c t e r i s t i c s .  Two isotherms were p l o t t e d  and a r e  inc luded i n  
F igure  3-22. 

The s i l i c a  ge l  used on the  t e s t  was Davison Grade 05 i n  the  form o f  a 
6-15 mesh i r regu la r ly -shaped p a r t i c l e s .  The isotherms were p l o t t e d  f rom 
t e s t  data a t  6OoF and 12OoF. A 9OoF i sotherm was then i n t e r p o l a t e d  from 
the  t e s t  da ta  and i s  a l s o  inc luded on the f i g u r e .  P r i o r  Davison data f o r  
6OoF and 12OoF a r e  a l s o  i nc luded  i n  phantom l i n e s  i n  the f i g u r e .  Major  
d i f f e rences  a r e  obvious i n  the  low-pressure-range isotherm slopes, as w e l l  
as i n  the h i g h  pressure te rm ina t ion  slopes. Because o f  t h i s  discrepancy 
the Davison Chemical D i v i s i o n  o f  W. R. Grace and Company was contacted.  
Apparent ly  the  Davison data a re  almost 15 years o l d  and the s i l i c a  ge l  
manufactur ing process has been cont inuous ly  improved. 
t e r i s t i c  o f  the s i l i c a  ge l  adso rp t i on  c h a r a c t e r i s t i c s  can be observed 
on the 6OoF isotherm where the s lope of the load ing  curve decreases 
r a p i d l y  above 6 mm Hg pressure.  
Th is  compares w i t h  the c a l c u l a t e d  maximum load ing  f o r  s i l i c a  ge l  o f  43 per -  
cent  assuming t h a t  the maximum load ing  occurs when i n t r a - c r y s t a l l i n e  vo ids  
are  f u l l  o f  l i q u i d  water.  

An impor tant  charac- 

A t  I I  mm Hg the l oad ing  i s  41.6 percent .  

The 60°F and 12OoF isotherms generated f o r  t h i s  program p rov ide  very  
c lose  c o r r e l a t i o n  w i t h  the  assoc ia ted  dynamic t e s t  data. 

COADSORPTION TEST DATA FOR MOLECULAR S I E V E S  

I t  i s  common i n  the mass t r a n s f e r  f i e l d  t o  cons ider  adso rp t i on  processes 

P r i m a r i l y  t h i s  i s  done f o r  s i m p l i c i t y ;  t o  do o therw ise  migh t  
on the  bas is  o f  one pr imary  sorbate, and t o  i gno re  the s imultaneous s o r p t i o n  
o f  o the r  gases. 
p o s s i b l y  i n v o l v e  considerab1e.complications. I n  many instances the  a c t u a l  
process can be cha rac te r i zed  w e l l  on the bas i s  o f  one sorbate;  i.e., the  
d r y i n g  of  a gas stream by molecular  s ieves.  
which was taken w i t h o u t  the c a r r i e r  gas be ing  present, is  considered t o  be 
va l i d ,  w i t h  no e f f e c t  due t o  the presence o f  the  l a r g e  amount o f  c a r r i e r  gas. 
The mass- t ransfer  dymanics a re  s i m i l a r l y  cha rac te r i zed  w i t h o u t  cons ide r ing  
the s o r p t i o n  o f  the  c a r r i e r  gas. 
t he  assumption i s  u s u a l l y  made t h a t  i t  has no e f f e c t  on the s o r p t i o n  o f  water .  

Here, the  water e q u i l i b r i u m  data, 

I f  the c a r r i e r  gas s o r p t i o n  i s  considered, 

There are, however, many cases where there  i s  apprec iab le  adso rp t i on  of 
more than one mater ia l ,  and as a consequence, i n t e r a c t i o n s  take  p lace  which 
a l t e r  bo th  the dynamic and the e q u i l i b r i u m  charac te r  o f  the process. Space- 
c r a f t  CO removal systems us ing  molecular  s ieves c e r t a i n l y  f a l l  i n t o  t h i s  

2 
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category.  

molecular  s ieves has ,been w e l l  known f o r  some t ime. However, u n t i l  l a t e l y ,  
l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  was a v a i l a b l e .  

The po ison ing  e f f e c t  of  coadsorbed water  on the CO capac i t y  o f  
2 

I n  t h i s  program i t  was des i red  t o  produce q u a n t i t a t i v e  da ta  on the  
e q u i l i b r i u m  capac i t y  o f  molecular  s ieves f o r  a p a r t i c u l a r  sorba te  i n  the  face 
o f  the coadsJrp t ion  o f  another  sorbate.  Obviously, the most impor tan t  coadsorp- 
t i o n  sorba te  p a i r  f o r  which data were sought i s  C O  and water, i .e. ,  t he  p o i -  

son ing  e f f e c t  due t o  water .  Th is  was n o t  the o n l y  coadsorp t ion  p a i r  considered. 
Other p a i r s  of i n t e r e s t  can be seen i n  Table 3-3. 

2 

The coadsorp t ion  p a i r s  i n v o l v i n g  e i t h e r  n i t r o g e n  o r  oxygen were o f  i n t e r e s t  
f o r  two reasons. F i  r s t ,  i n  most instances where these gases a r e  adsorbed, 
they w i l l  e v e n t u a l l y  be l o s t  f rom the v e h i c l e .  Therefore they represent  a 
d e f i n i t e  we igh t  pena l t y  t o  the CO removal system; and o f  course p rov i s ions  

would have t o  be made w i t h i n  the spacecraf t  t o  s t o r e  makeup gases. I t  was 
desired, i n  t h i s  program, t o  a s c e r t a i n  any p o s s i b l e  coadsorp t ion  e f f e c t ,  
e s p e c i a l l y  w i t h  water, which migh t  apprec iab ly  a l t e r  the loss  o f  atmosphere 
gases. The second reason f o r  the oxygen and n i t r o g e n  e q u i l i b r i u m  data i s  t o  
observe i f  the l a rge  vo lumet r i c  preponderance o f  these gases has an e f f e c t  on 
the e q u i l i b r i u m  capac i t y  f o r  CO and water .  To a g rea t  e x t e n t  the answer t o  

t h i s  l a t t e r  i n q u i r y  can be ob ta ined from the s ing le -so rba te  dyhamic t e s t s  
conta ined i n  Sec t ion  4. From these t e s t s  i t  i s  concluded t h a t  the e q u i l i b r i u m  
capac i t y  data as taken w i t h  o n l y  the sorba te  ( e i t h e r  CO 

w i t h  the molecular  s ieve  i s  n o t  r; lot iceably a f fec ted  by the presence o f  the 
n i t r o g e n  c a r r i e r  gas. 

2 

2 I 

o r  water)  i n  con tac t  2 

The f o l l o w i n g  f i g u r e s  present  the  r e s u l t s  o f  e q u i l i b r i u m  sorbent  capac i t y  
t e s t i n g  f o r  c o n d i t i o n s  where a p re load o f  one sorba te  i s  produced fo l l owed  
by adso rp t i on  o f  another  gas. The sorba te  p a i r s  f o r  which t e s t s  were conducted, 
a re  shown i n  Table 3-3. A l s o  inc luded i n  the t a b l e  a re  the  sorbant  temperature 
and pressure  range. 

Coadsorpt ion o f  C O  w i t h  H 0 Pre load 2 2 

The f i g u r e s  3-23 through 3-26 present  the coadsorp t ion  t e s t  data f o r  carbon 
d i o x i d e  and water  vapor. I t  can r e a d i l y  be observed t h a t  f o r  coadsorp t ion  o f  
C O  

even f o r  a water  load o f  11.9 percent, some carbon d i o x i d e  was s t i l l  adsorbed. 
F igure  3-23 presents  a f a m i l y  o f  7OoF isotherms a t  var ious  water  vapor p re-  
load percentages, 0, 1.89, 4.02, 6.43, and 12 percent.  The 12 percent  curve 
was run tw ice  t o  v e r i f y  repea t i  b i  1 i t y ;  excel  l e n t  agreement was obta ined.  F igu re  
3-24 presents a f a m i l y  o f  curves f o r  cons tan t  water  p re load (approx imate ly  
6.1 percent)  a t  d i f f e r e n t  temperatures, 32O, 70°, 120°, and 20OoF. 
obvious t h a t  as the  sorbent  temperature i s  increased less and les!s adsorp t i on  
s i t e s  f o r  CO adso rp t i on  a r e  avai  l a b l e .  F igure  3-25 presents  the  coadsorp t ion  

w i t h  a H20 pre load the  CO 2 2 capac i t y  i s  s i g n i f i c a n t l y  reduced, however, 

I t  i s  

2 
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data ob ta ined w i t h  L inde 13X sorbent.  This f i g u r e  conta ins  coadsorp t ion  data 
a t  d i f f e r e n t  water vapor pre loads o f  0, 2.07, 3.99, 5.9, 11.9, and 17.0 
percent  f o r  the  70 o r  72OF temperatures. 

F igu re  3-26 presents  a f a m i l y  o f  isotherms a t  approx imate ly  the same water 
vapor p re load f o r  the  L inde 13X sorbent .  
mate ly  6 percent  and the isotherms a r e  32O, 72', 120°, 2OO0F, and a s i n g l e  p o i n t  
a t  30OoF. 

The water  vapor p re load  i s  approx i -  

I t  appears t h a t  even though the L inde 5A sorbent  has a g rea te r  CO c a p a c i t y  
2 

than 13X, w i t h  no water  vapor p resent  the converse i s  t r u e  when a water  vapor 
p re load i s  incorpora ted .  

Coadsorpt ion of Ni t rogen  Wi th Carbon D iox ide  Preload 

F igu re  3-27 and 3-28 present  the  t e s t  data f o r  the L inde 5A and 13X 
sorbent, respec t ive ly ,  when sub jec ted  t o  n i t r o g e n  gas a f t e r  p re load ing  w i t h  
carbon d iox ide .  Isotherms a t  70°F was taken a t  d i f f e r e n t  CO p re load ings .  The 

I3X data taken was n o t  acceptably  repeatable, however the bas i c  curves and the 
re-runs a re  presented. 

2 

For the L inde 5A sorbent, w i t h  a 3 percent  C O  preload, the  n i t r o g e n  2 
adso rp t i on  was s l i g h t l y  h ighe r  than t h a t  ob ta ined w i t h o u t  a pre load.  
t e s t s  r e s u l t s  i n d i c a t e  t h a t  the reduc t i on  i n  n i t r o g e n  adso rp t i on  i s  n e g l i g i b l e  
up t o  3 percent  CO pre load.  Above 3 percent  C O  preload, n e g l i g i b l e  adso rp t i on  

2 2 

The 

the n i t r o g e n  p a r t i a l  pressure exceeds 100 mm Hg. occurs u n t i l  

I n  prev 

s ieve  caused 
was ac t i  i eved 

s ieve  caused 

ous tes ts ,  the i n t r o d u c t i o n  o f  CO t o  a water p re load molecular  

the  weight  t o  cont inuous ly  increase u n t i  1 an equi  l i b r i u m  weight  
I n  these tests ,  the  i n t r o d u c t i o n  o f  n i t r o g e n  on a CO p re load 

the  weight  t o  q u i c k l y  increase above the f i n a l  e q u i l i b r i u m  va lue  
and then s l o w l y  decrease t o  the u l t i m a t e  value. The i n i t i a l  increase was g rea te r  
than t h a t  observed f o r  pure n i t r o g e n  adso rp t i on  on the sorbent .  Th is  i n i t i a l  
increase i s  due t o  l o c a l  increase i n  CO p a r t i a l  pressure i n  t h e  v i c i n i t y  o f  

2 

2 

2 
the sorbent, due t o  the imper fect  m ix ing  o f  the two gases as the  n i t r o g e n  i s  
in t roduced.  Since the p a r t i a l  pressure o f  CO f o r  these t e s t s  is severa l  mm 

of Hg, the r a t e  o f  adso rp t i on  i s  q u i t e  high, and the i n i t i a l  a d d i t i o n a l  CO 

adso rp t i on  i s  g rea te r  than the  f i n a l  n i t r o g e n  adsorp t ion .  The weight  i n d i c a t i o n  
drops s l o w l y  as the gases mix and f i n a l l y  reach an e q u i l i b r i u m  value.  

2 

2 

Coadsorpt ion o f  Oxygen Wi th Water Vapor Pre load 

F igu re  3-29 presents  the data obta ined f o r  L inde 5A molecu la r  s ieve  pre-  
load w i t h  water  and subjected t o  oxygen a t  va r ious  pressures.  
isotherms presented a t  var ious  water  vapor preloads, 0, 3. I, 5, and 8 percent.  

A f a m i l y  of  70'F 
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Coadsorpt ion o f  N i t rogen Wi th Water Vapor Pre load 

F igu re  3-30 presents  the data ob ta ined on the L inde 5A molecu la r  s ieve  
A p re load w i t h  water  vapor and sub jec ted  t o  n i t r o g e n  a t  va r ious  pressures.  

f a m i l y  o f  7OoF isotherms a r e  presented a t  var ious  water  vapor preloads, 0, 
3, 5.1, and 8.1  percent .  

HEAT OF ADSORPTION 

The adso rp t i on  o f  gases on s o l i d s  i s  accomplished w i t h  the e v o l u t i o n  o f  
heat, which v a r i e s  w i t h  the q u a n t i t y  o f  gas adsorbed, the  c h a r a c t e r i s t i c s  of 
the  so l i d ,  and the  adso rp t i on  temperature. The heat  g iven  o f f  i s  c a l l e d  the 
heat  o f  adsorp t ion .  This  heat  va r ies  w i t h  the  amount o f  m a t e r i a l  adsorbed; 
bhen eva lua ted  f o r  an i n f i n i t e s i m a l l y  smal l  sorbent  l oad ing  change, i t  i s  
c a l l e d  the d i f f e r e n t i a l  heat o f  adsopr t ion.  As a lower l i m i t ,  as the amount 
o f  gas adsorbed increases the d i f f e r e n t i a l  heat  o f  adso rp t i on  approaches the 
heat o f  l i q u e f a c t i o n .  D i f f e r e n t i a l  heats o f  adso rp t i on  can be c a l c u l a t e d  from 
the Clausius-Clapeyron equat ion.  Usua l ly  t h i s  invo lves  o b t a i n i n g  isotherms 
(equi 1 i b r i u m  pressure versus temperature f o r  cons tan t  adso rp t i on  we igh t  load- 
i n g s j  by p l o t t i n g  the n a t u r a l  l oga r i t hm o f  the pressure aga ins t  the r e c i p r o c a l  
of the sorbent  temperature. The s lope o f  the  isotherms i s  the heat  o f  
adso rp t i on  d i v i d e d  by the un ive rsa l  gas constant .  

F igure  3-31 represents  severa l  isotherms p l o t t e d  on semi- log coord ina tes  
The f o r  CO 

d i f f e r e n t i a l  heats o f  adso rp t i on  ob ta ined by t h i s  procedure a r e  p l o t t e d  i n  
F igu re  3-32. I t  should be noted t h a t  a t  zero load ing  the maximum exothermic 
energy re lease occurs and as adsorp t ion  takes p lace  the energy decreases. The 
equat ion  used f o r  t h i s  c a l c u l a t i o n  i s  ob ta ined from the Clausius-Clapeyron 
equat ion:  

on L inde I3X s i e v e  ( the data f o r  t h i s  p l o t  a r e  f rom F igure  3-8). 2 

where AH = d i f f e r e n t i a l  heat  o f  adsorpt ion,  B t u / l b  

P, = e q u i l i b r i u m  pressure a t  s p e c i f i c  weight  load ing  f o r  
low temperature isotherm, mm Hg 

P = e q u i l i b r i u m  pressure a t  s p e c i f i c  weight  load ing  f o r  h i g h  
temperature isotherm, mm Hg 

R = Un'iversal gas constant,  1.987 Btu/ lb-mole x O R  

W = Molecu la r  weight  

T = Temperatpre a t  P O R  

T = Temperature a t  P O R  

I I '  

2 2' 
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Table 3-4 presents some t y p i c a l  heat adso rp t i on  values c a l c u l a t e d  a t  nominal 
loadings o f  the  s ieve .  The expanded da ta  p o i n t s  shown f o r  CO a t  va r ious  

loadings i n d i c a t e  the  phys i ca l  t r e n d  o f  the  heat o f  adsorp t ion .  Where o n l y  
two isotherms a r e  a v a i l a b l e  c a l c u l a t i o n s  were made because the s lope ' s  cou ld  
no t  be s u f f i c i e n t l y  guarenteed. 

2 

TABLE 3-4 

DIFFERENTIAL HEATS OF ADSORPTION 

Gas 

Mo 1 ecu 1 a r 
S i eve 
TY Pe 

L13X 

L 5A 

L13X 

L13X 

Weight 
Loading, 

I 

2 

2.5 

3 

4 

6 

8 

12 

4 

I O  

. I  

D i f f e r e n t i a l  Heat o f  Adsorption, 
B t u / l b  

500 

47 6 

445 

403 

375 

358 

344 

330 

416 

I I I I  

2 45 
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E T G 

SECTION 4 

SINGLE-SORBATE DYNAMIC MASS-TRANSFER DATA 

OBJECTIVES A N D  SCOPE 

The general ob jec t ive  of the s ingle-sorbate  dynamic mass-transfer t e s t  
seri'es was t o  produce information tha t  would a1 low a be t t e r  understanding and 
charac te r iza t ion  of molecular-sieve sorbents under dynamic sorpt ion conditions 
typical of spacecraf t  systems. The method u s e d  t o  produce t h i s  information was 
t o  conduct s ingle-sorbate  breakthrough r u n s  under control led,  constant condi- 
t ions.  Such t e s t i n g  i s  a standard tool i n  evaluat ing t h e  performance o f  packed 
beds. The t e s t i n g  i s  ca r r i ed  out  i n  two s teps .  The  f i r s t  s t ep  i s  the estab-  
lishment of i n i t i a l  bed condi t ions of temperature and sorbent loading which 
a r e  uniform and can be accurately determined numerically. For example, the 
usual bed conditioning p r io r  t o  an adsorption r u n  i s  a vacuum bakeout t o  
remove a l l  t races  of sorbates,  followed by cooling t o  the desired adsorption 
temperature. In the second step,  a gas stream containing the sorbate  of 
i n t e r e s t  i s  passed through the bed u n t i l  the bed  has adsorbed a s  much o f  the 
sorbate a s  is possible under the t e s t  condi t ions;  t h a t  is ,  u n t i l  the bed i s  
sa tura ted  o r  e q u i  1 ibrated.  D u r i n g  t h e  t r ans i en t  sorpt ion period, a1 1 i n l e t  
and boundary conditions (flow rate ,  pressure levels, i n l e t  concentrations,  
bed  temperature) a r e  he1 d constant and a1 1 parameters a r e  moni tored, especial  l y  
i n l e t  and o u t l e t  sorbate  concentrations.  

Several spec i f i c  ob jec t ives  and goals were defined f o r  the breakthrough 
t e s t s  : 

o The most important goal was the evaluation of mass-transfer coe f f i -  
c i en t s  and i n t r a p a r t i c l e  d i  f f u s i v i  t i e s  fo r  various representat ive 
operating conditions.  
breakthrough data wi  t h  the help of the performance-predi c t ion  pro- 
grams. W i t h  t h i s  data properly correlated,  the programs can be 
used w i t h  confidence for  a wide var ie ty  of bed geometries and process 
condi t i ons . 

These basic parameters were obtained from the 

o Qual i t a t ive ly ,  from the shape of the p lo t ted  breakthrough curve 
( the  o u t l e t  concentration p lo t ted  v s  time), 
pare the performance of various sorbents under s i m i l a r  operat ing 
conditions,  and to  compare the performance of a s ing le  sorbent under 
various adsorption conditions.  

i t  was desired t o  com- 

o Also i n  a q u a l i t a t i v e  sense, i t  was desired t o  compare the thermal 
performance of the d i f f e ren t  hea t - t ransfer  surfaces  which were 
incorporated in to  the t e s t  beds. T h i s  was t o  be accomplished by 
observing the a b i l i t y  of the hea t - t ransfer  surfaces  t o  maintain 
an isothermal bed d u r i n g  the exothermic adsorption period. 

69 



o By in tegra t ion  techniques t o  y ie ld  the amount of sorbate  l e f t  on 
the bed, an equilibrium datum point, corresponding to  the f ina l  bed 
temperature and i n l e t  pa r t i a l  pressure, can be obtained. This was 
desired a s  a check on the data produced from the equilibrium t e s t -  
i n g ,  or  obtained from the 1 i t e r a tu re .  

o From the breakthrough data, removal e f f ic iency  of the sorbent bed 
(cumulative f r ac t ion  of enter ing sorbate  which is  retained by the 
bed) a s  a function of time can be obtained. T h i s  i s  desired t o  
properly s i z e  spacecraf t  beds and t o  s e t  cycle  times. 

Table 4-1 presents  the sorbent/sorbate combinations fo r  which dynamic 
adsorption breakthrough t e s t s  were made. For the potent ia l  predrier-bed 
sorbents,  Linde 13X and s i l i c a  gel, both adsorption breakthrough t e s t s  and 
gas s t r i p s  were performed. Table 4-2 presents  conditions and ranges fo r  
which breakthrough t e s t s  were performed. Dry nitrogen was used a s  t h e  c a r r i e r  
gas i n  a l l  dynamic t e s t s .  Obviously, t e s t s  could not be r u n  for  a l l  possible  
t e s t  condi t ions;  however, i t  i s  believed t h a t  s u f f i c i e n t  ranges were included 
to iden t i fy  trends and to  permit mass-transfer parameter evaluations.  

TABLE 4-1 

SORBENT/SORBATE COMBINATIONS USED IN S I N G L E - S O R B A T E  DYNAMIC 
MASS -TRAN SFER TESTS 

Sorbent 
Type 

S i l i c a  gel 
(Grade 05) 

I3X 

5A 

5A 

Sorbent 
Manu f ac t u  re r 

Davi son 

L i  nde 

L i  nde 

Davi son 

Form and Size 

Granules, 6 t o  16 mesh 

Pel l e t s ,  i / l6-inch 

Pel l e t s ,  1/16-inch 

Spherical beads, 8 t o  
12 mesh 

Sorbate i n  
N i t rogen 
Carr ier  Gas 

Water 

Water 

c02 

co 2 

co 2 
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TABLE 4-2 

CONDITIONS FOR WHICH SINGLE/SORBATE BREAKTHROUGH 
TESTS WERE PERFORMED 

Bed 
Temperature 

60' F 
7OoF 
9OoF 

I 2OoF 

P a r t  i a1 
Pressure 
(and Dew 

F lowra te  
f 

1.3 to  5.4 
1 b / h r  

9.2 rnm Hg 
( 5OoF dew 
p o i n t )  Water 

7 mm Hg 

T o t a l  
Pressure 

5 p s i a  
(258 mm Hg) 
f o r  s i l i c a  ge l  

(363 rnm Hg) 
7 p s i a  

7 P S  
(363 

I n l e t  
Concen t r a t  i on 

0.024 grn water /  
9m N2 

0.01 8 gm water/  
g* NE 

0.031 gm C02/ 

( 1 . 9  v o l  % C02) 

0.0075 gm C02/ 

(0.45 v o l  % C02) 

gm N2 

gm N2 

EQUIPMENT AND PROCEDURES 

Bed Designs and Heat-Transfer Surfaces 

One o f  the  o b j e c t i v e s  o f  t h i s  program has been t o  compare the  e f f e c t i v e -  
ness o f  va r ious  s i z e  h e a t - t r a n s f e r  surfaces p laced  w i t h i n  packed sorbent beds. 
T h i s  i n f o r m a t i o n  i s  d e s i r e d  f o r  those cases where bed c o o l i n g  and h e a t i n g  i s  
t o  be p r o v i d e d  by the  spacecra f t  hea t - t ranspor t  system. 
what type o f  surface w i l l  produce the  optimum bed performance, due t o  a number 
o f  coun te rac t i ng  e f f e c t s .  
view, i t  i s  des i red  t o  produce as n e a r l y  isothermal a bed as poss ib le ;  thus, 
smal I ,  close-packed h e a t - t r a n s f e r  surfaces would be desired, However, w i t h  
ve ry  dense h e a t - t r a n s f e r  matrices, a g r e a t  deal o f  "wa l l  e f f e c t "  i s  t o  be 
expected. The w a l l  e f f e c t  i s  due t o  the  f a c t  t h a t  sorbent  p e l l e t s  do n o t  
pack c l o s e l y  i n  the r e g i o n  o f  t h e  w a l l s  c rea ted  by the  p l e t h o r a  o f  f i n  su r -  
faces. 
i n  the w a l l  region), and lesse r  con tac t  between gas and sorbent, o f t e n  des- 
c r i  bed by the  names "channel 1 i ng", "bypass i ng", o r  "fi n g e r i  ng". 

I t  i s  n o t  obvious 

For example, from o n l y  a h e a t - t r a n s f e r  p o i n t  of 

T h i s  r e s u l t s  i n  lower o v e r a l l  pack ing  d e n s i t y  ( g r e a t e r  v o i d  f r a c t i o n  

P r i o r  t o  t h i s  con t rac t ,  AiResearch had developed a number o f  research 
and development sorbent systems which i n v o l v e d  h igh -dens i t y  hea t - t rans fec  
sur faces  p laced w i t h i n  packed beds. Bas ica l l y ,  these beds were c ross- f low 
p l a t e - f i n  heat  exchangers, w i t h  sorbent m a t e r i a l  packed i n t o  one s e t  of 
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passages. 
1 / 4  in .  i n  h e i g h t  and spaced 1 / 4  i n .  apa r t .  The r e s u l t s  o f  t e s t s  w i t h  such 
h e a t - t r a n s f e r  surfaces showed less-than-des; r e d  packed bed densi t i es ,  and a 
tendency o f  premature breakthrough due t o  channel ing.  For t h i s  con t rac t ,  
t h r e e  s p e c i a l l y  designed beds were fabr ica ted ,  each w i t h  a d i f f e r e n t  s i z e  
rectangular,  o f f s e t  p l a t e - f i n  surface. The s i z e s  were 114 in., 1/2 in., and 
1 in.  I n  any bed, the  f i n  h e i g h t  and spacing were the  same. I n  add i t ion ,  
f o r  these spec ia l  beds the  f i n  sur faces  were a l l  o f f s e t  ( o r  i n t e r r u p t e d )  i n  
the  f low d i r e c t i o n  by a dimension equal t o  the  f i n  he igh t .  Thus, i n  the  1/2- 
i n . - f i n  bed, t he  cont inuous f i n  l e n g t h  i n  the  f l o w  d i r e c t i o n  i s  o n l y  1 / 2  in. 
A t  t h i s  po in t ,  the  downstream f i n s  a r e  p laced midway between t h e  p rev ious  f i n  
p o s i t i o n s .  F i g u r e  4-1 g ives  a comparison o f  p l a i n  and o f f s e t  rec tangu la r  f i n  
surfaces. The f i n s  a r e  shown i n  t h e i r  o r i g i n a l  form, be fo re  s t a c k i n g  i n t o  a 
heat-exchanger c o n f i g u r a t i o n  and braz ing .  The o f f s e t  f i n  was adopted because 
o f  the  expec ta t i on  o f  reduced w a l l  e f f e c t s  (channe l ing)  a f f o r d e d  by t h e  
, i n t e r r u p t i o n s  of t h e  f i n s .  

Most o f  the p rev ious  exper ience was w i t h  rec tangu la r  s t r a i g h t  f ins ,  

NO e f f e c t  on packed-bed d e n s i t y  was expected. 

F igu re  4-2 i s  an o u t l i n e  drawing t y p i c a l  o f  the  beds used i n  t h i s  program. 
F igure  4-3 i s  a photograph o f  t he  1 / 2 - i n . - f i n  bed. To promote u n i f o r m  d i s t r i -  
b u t i o n  o f  coo lan t  i n  the  l i q u i d  passages o f  the  beds, the f i n  sur faces  were 
tu rned sideways t o  the  normal f l o w  d i r e c t i o n .  Th is  fo rces  the  coo lan t  t o  
f l o w  i n  and o u t  around the  f i n s .  T h i s  coo lan t  f i n  arrangement i s  shown i n  
F igure  4-2 .  

A few p o i n t s  should be no ted  concerning the cho ice  o f  p l a t e - f i n  sur faces  
f o r  use i n  sorbent  beds when bed coo l  i n g  and h e a t i n g  a r e  des i red .  
t he  manufactur ing technology f o r  t he  p l a t e - f i n  heat-exchanger sorbent beds i s  
w e l l  developed, and i s  e s s e n t i a l l y  q u a l i f i e d  f o r  use i n  space. Such sorbent 
bed designs a r e  o n l y  s l i g h t l y  d i f f e r e n t  from many hea t  exchangers used i n  
Mercury, Gemini, and A p o l l o  environmental  c o n t r o l  systems. Second, as i n  
many heat-exchanger app l i ca t i ons ,  p l a t e - f i n  designs o f f e r  tremendous f l e x -  
i b i l i t y  i n  t a i l o r i n g  the  r a t i o  o f  hea t - t rans fe r  sur face  area on one s i d e  t o  
t h a t  on the  o the r  s ide.  With heat  exchangers, optimum designs a r e  u s u a l l y  
cha rac te r i zed  by hav ing  the product, hA, o f  h e a t - t r a n s f e r  c o e f f i c i e n t  and 
area on one s i d e  approx imate ly  equal t o  t h a t  on the  o the r  s ide .  With a f l u i d  
stream, such as a low-veloci  t y  gas, where low h e a t - t r a n s f e r  c o e f f i c i e n t s  a r e  
devel,oped, i t  i s  e a s i l y  p o s s i b l e  t o  p rov ide  cons ide rab iymore  p l a t e - f i n  su r face  
area f o r  t he  gas and t o  t a i l o r  the r a t i o  o f  areas so t h a t  the hA produc ts  o f  
the exchanger a r e  n e a r l y  equal. With packed sorbent beds, s ince  the  sorbents 
a r e  very  poor conauctors o f  heat, i t  i s  a lmost mandatory t o  p rov ide  much more 
h e a t - t r a n s f e r  area on the  gas/sorbent s ide  than on the coo lan t  s ide .  W i t h  
p l a t e - f i n  designs, i t  i s  q u i t e  easy t o  accomplish th i s ,  no ma t te r  what the  
des i red  bed area and l e n g t h  values may be. I n  add i t ion ,  t he  p l a t e - f i n  
concept p rov ides  b o t h  very  low coo lan t - s ide  pressure drop (when desi red), 
and very  low l i q u i d  holdup w i t h i n  the  bed. Further, t he  l a r g e  amount o f  su r -  
face area can be i nco rpo ra ted  u n i f o r m l y  throughout the  packed sorbent  p a r t i c l e s ,  
and the  presence o f  these sur faces  has very  l i t t l e  e f f e c t  on the  gas-side 
pressure drop. Other means o f  p r o v i d i n g  bed cool ing,  such as c o o l i n g  c o i l s  
w i t h  e x t e r n a l  f ins, cannot compete w i t h  p l a t e - f i n  sur faces  i n  the  several  
areas of concern as discussed above. For small beds l i k e  those f o r  space- 
c r a f t  app l i ca t i ons ,  the  a d d i t i o n a l  c o s t  o f  p l a t e - f i n  sorbent beds i s  f a r  
outweighed by t h e i  r many advantages, 
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a. 

w -  

Plain Or Straight Rectangular Plate-Fin Plain Or Straight Rectangular Plate-Fin Surf ace 

b. Rectangular Offset Plate-Fin Surface As Used In Test Beds 

5-4 I922 -A 

Figure 4-1. Rectangular Plate-Fin Heat-Transfer Surfaces for Packed Beds 
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Figure 4 - 3 .  1/2-in.-Fin Adsorption Bed 
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A s e t  o f  seven thermocouples was p laced w i t h i n  each o f  t he  beds. One 
thermocouple was p laced on t h e  f i n  sur face  near t h e  bed i n l e t  and t h e  o t h e r  
s i x  were p o s i t i o n e d  l o n g i t u d i n a l l y  a long t h e  bed length,  about I in. apar t ,  
midway between f i n s .  

Table 4-3 g ives  the  dimensions o f  each bed and p 
a c t e r i s t i c s .  Each bed had a 3-  by 3 - in .  f r o n t a l  face  
length.  
1.25 l b  o f  sorbent can be conta ined by each bed. Except 
f i n s ,  which a r e  copper, and t h e  coo lan t  f i ns ,  which a r e  n i cke l ,  t h e  beds a r e  
cons t ruc ted  o f  s t a i n l e s s  s t e e l .  The bed heat  exchanger co re  was vacuum 
brazed; t h e  end f langes  and pans were welded t o  t h e  co 

Depending upon the  sorbent  and t h e  method o f  pac 

The bed pack ing procedure was i n i t i a t e d  by a vacuum-bakeou 
sorbent conta ined i n  an approx imate ly  2-qt  sample bomb. Bakeout cond i t i ons  
were 500' t o  600'F a t  low pressure, u s u a l l y  approaching IO p, Hg. Packing o f  
the bed was accomplished i n  a n i t r o g e n  d ry  box which main ta ined a dew p o i n t  
o f  -4OOF o r  lower. Dur ing packing, the bed was clamped i n  a v e r t i c a l  p o s i -  
t i o n  t o  an e l e c t r i c  v i b r a t o r  t ab le .  Sorbent p e l l e t s  were  s low ly  poured i n t o  
the bed w h i l e  i t  was be ing  v ib ra ted .  The sorbent  was h e l d  w i t h i n  the bed by 
means o f  24-mesh screens. The bottom screen was permanently welded i n  p lace;  
a f t e r  packing, the  top  screen was secured i n  p lace  by small t ack  welds. 

P r i o r  t o  packing, the bed and the  bomb were weighed. A f t e r  the bed was 
f u l l y  packed, i t  was again weighed w h i l e  s t i l l  i n  the  dry  box. Th is  gave an 
approx imat ion of  the  mass o f  d ry  sorbent conta ined i n  the bed. Then, as much 
as p o s s i b l e  o f  the  excess sorbent  which was s p i l l e d  du r ing  the pack ing opera t i on  
was swept up and p laced back i n  the sample bomb. The bomb was then weighed t o  
o b t a i n  another approx imat ion o f  t h e  d ry  sorbent  mass. The two values f o r  
bed mass w e r e  u s u a l l y  i n  c lose  agreement, b u t  n o t  i n  every case. The reason 
f o r  t he  d e v i a t i o n  between readings, and t h e  reason these weighings were con- 
s idered t o  y i e l d  o n l y  approximate sorba te  weights, i s  t h a t  molecular  s ieves have 
e q u i l i b r i u m  c a p a c i t i e s  f o r  n i t r o g e n  a t  760 mm Hg o f  about I . p e r c e n t .  Also, even 
a t  t h e  d r y  box humid i t y  cond i t ions ,  mo lecu la r  s ieves can ho ld  w e l l  over  6 per-  
cen t  water .  I t  i s  doub t fu l  t h a t  t h e r e  was enough water  vapor a v a i l a b l e  f o r  any 
apprec iab le  adso rp t i on ;  however, n i t r o g e n  adso rp t i on  cou ld  n o t  be neglected. 

The packed bed mass was more accu ra te l y  measured a t  the  end o f  a sequence 
o f  t e s t s .  A t  t h a t  t ime ,  the bed was c a r e f u l l y  unpacked and i t s  con ten ts  
p laced i n  a sample bomb. A f t e r  a cons iderab le  vacuum bakeout, the bomb was 
c losed o f f  and, a f t e r  cool ing,  was weighed. Th is  we igh t  was then used t o  
o b t a i n  the  dry  sorbent weight.  I n  most instances, t h i s  we igh t  was n o t  sub- 
s t a n t i a l l y  d i f f e r e n t  from the values ob ta ined a t  t h e  t i m e  o f  packing. When 
there  was a d i f fe rence,  the l a t t e r  we igh t  was used. 

Dur ing  t h e  program i n  some cases where a bed was packed two o r  more t imes 
w i t h  the same type o f  L inde molecu la r -s ieve  p e l l e t s ,  i t  was n o t i c e d  t h a t  bed 
weights  cou ld  be s u b s t a n t i a l l y  d i f f e r e n t .  I t  i s  cons idered t h a t  the pr imary  
reason f o r  the  d i f f e r e n c e s  l i e s  i n  the method o f  packing. Dur ing packing, 
moderate v i b r a t i o n  o f  the bed was employed. High l e v e l s  o f  v i b r a t i o n  were 
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TABLE 4-3 

T E S T  BED D I M E N S I O N S  

Physical I tem 

PAC KED-BED/GAS SI DE : 

Bed w id th  (in.) 

Bed he igh t  ( in.)  

Bed length (in.) 

Number of passages 

Number o f  sandwiches per passage 

F i n  thickness (in.) 

Fins per in .  ( in.- ' )  

Spl i t t e r  thickness (in.) 

P la te  thickness (in.) 

F in  cross-sect ion area t o  gas ( in. ) 
Coolant passage cross-sect ion area to  gas (in.2) 
Free f low area (in. ) 
P la te  area ( in. ) 
F i n  area (in. ) 
Total  heat- t ransfer area ( in .  ) 
P la te  volume (in. ) 

3 F in  volume (in. ) 
Free bed volume (in.3) 

2 

2 

2 

2 

2 

3 

COOLANT SIDE : 
Passage w id th  (in.) 

Passage length (in.) 

Number o f  passages 

F in  height (in.) 

Fins per in .  ( in.- ' )  

F in  thickness (in.) 

P la te  area ( in. ) 
F in  area (in. ) 
Tota l  heat t rans fe r  area (in. ) 
Coolant volume (in.3) 

2 
2 

2 

Nominal Packed-Bed F i n  Height, (in.) 
Bed Designation 

I 

3.00 

3.25 
6. I O  

3 
I 
0.008 

I 
-- 
0.010 

0. I55 
0.780 

8.82 

145.5 

89.6 

235. I 

5.67 

0.95 

53.95 

5.80 

3.25 
4 

0.050 

20 
0.002 
144.8 

144.8 
289.6 

3.47 

I / 2  

2.98 

2.93 

6.02 

5 
I 

0.008 
2 
-- 
0.010 

0.237 
1.192 

7.29 

207.8 

176.8 
384.6 

5.59 

I .43 

43.66 

5.80 

3.25 
6 

0.050 

20 

0.002 

217.2 

217.2 
434.4 

5.21 

I /4 

3 .OO 
2.95 

6.02 
5 

2 

0.008 

4 

0.010 

0.010 

0.382 

1.200 
7.27 

205.5 

524.5 

730.0 

5.64 

2.30 

43.75 

5.80 

3.25 

6 

0.050 

20 
0.002 

217.2 

217.2 
434.4 

5.21 
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avo ided as t h i s  tended t o  e j e c t  a l a r g e  f r a c t i o n  o f  the sorbent b e l l e t s  t h a t  
were be ing  poured on to  the  face o f  the  bed. As the  program continued, i t  was 
found t h a t  a f t e r  the  i n i t i a l  f i l l i n g ,  some a d d i t i o n a l  s e t t l i n g  cou ld  be 
accomplished by a sus ta ined v i b r a t i o n  a t  ve ry  h i g h  l e v e l s  and more sorbent 
c o u l d  be added. Thus, l a t e r  packings tended t o  y i e l d  h i g h e r  bed weights.  

There a r e  o t h e r  f a c t o r s  i nvo l ved  i n  the  f i n a l  bed weight.  The leng th  o f  
t h e  Linde p e l l e t s  i s  o f  importance. Some batches o f  m a t e r i a l  seemed t o  have 
l a r g e r  amounts o f  f a i r l y  long  p e l l e t s  (about 1 / 4  in. ) .  
these longer p e l l e t s  do n o t  pack as w e l l  as s h o r t e r  p e l l e t s ;  a t  l e a s t  n o t  
w i t h o u t  cons ide rab le  v i b r a t i o n .  There can a l s o  be v a r i a t i o n  i n  t h e  d e n s i t y  
o f  t h e  b a s i c  m a t e r i a l  produced by  t h e  manufacturer. 

I t  i s  suspected t h a t  

Packed bed d e n s i t y  i s  discussed separa te l y  i n  Sec t i on  8 .  Packed 
d e n s i t i e s  o f  the t e s t  beds a re  presented, a long  w i t h  d e n s i t i e s  ob ta ined  i n  
spec ia l  con ta ine rs  cons t ruc ted  t o  determine the  e f f e c t  o f  f i n  s i z e  on packing 
dens i ty .  

Dynamic Mass-Transfer Apparatus 

F igu re  4 - 4  i s  a s i m p l i f i e d  schematic o f  the  dynamic mass-transfer 
apparatus. F igu re  4-5 i s  a photograph o f  the  t e s t  equipment. The h e a r t  o f  
t he  apparatus, the dynamic t e s t  bed, i s  l o c a t e d  i n  the lower l e f t  s i d e  o f  the  
photograph o f  F igu re  4-5 .  The apparatus was so cons t ruc ted  as t o  a l l o w  f low 
i n  e i t h e r  d i r e c t i o n  through the  bed, and a l s o  t o  be a b l e  t o  vacuum desorb 
from e i t h e r  o r  b o t h  ends o f  the bed. Consequently, t he re  a re  dual se ts  o f  
i n l e t  and o u t l e t  va l ves  on bo th  s ides  o f  t he  bed. The two l a r g e  vacuum gate 
va lves  f l a n k i n g  the  bed a r e  c l e a r l y  v i s i b l e  i n  the  photograph. Three valves 
a re  a t tached  t o  the  i n l e t  m a n i f o l d  above the  bed. Two o f  t he  va l ves  a r e  used 
t o  d i r e c t  f l o w  t o  the des i red  i n l e t  o f  the bed. The o t h e r  valve, mounted 
between the  i n l e t  valves, i s  a bypass valve.  The back-pressure va lves  on the  
bed e x i t s ,  and t h e i r  connect ions t o  the l a r g e  vacuum duct, a r e  obscured i n  the  
photograph. 

R e f e r r i n g  t o  the  s i m p l i f i e d  schematic o f  F igu re  4 - 4 ,  the  f l o w  pa th  i n  
the  apparatus i s  as fo l l ows .  F i r s t ,  l a b o r a t o r y  d ry  n i t rogen,  de r i ved  from 
la rge -sca le  c ryogen ic  s to rage (<-8OoF dew po in t ) ,  passes through a pressure  
r e g u l a t o r .  Th is  r e g u l a t o r  o u t l e t  i s  ma in ta ined a t  20 ps ia .  The f l o w  i s  
d i r e c t e d  through a bank o f  rotameters, each be ing  c a l i b r a t e d  a t  20 ps ia .  
To i n t r o d u c e  water  vapor i n t o  t h e  stream, a l l  o r  a p o r t i o n  o f  t he  n i t r o g e n  
f l o w  can be d i r e c t e d  through a w a t e r - f i l l e d  bubbler.  To enhance the  h u r n i d i f i -  
c a t i o n  process, the  bubb ler  i s  con ta ined i n  a h o t  water bath.  Next, t he  
h u m i d i f i e d  n i t r o g e n  steam i s  d i r e c t e d  t o  a condenser. I n  some o f  the e x p e r i -  
ments,the condenser was used t o  a d j u s t  the  dew p o i n t  o f  t he  gas stream. I n  
o t h e r  cases, the condenser was dormant. 

The gas emerging f r o m  t h e  h u m i d i t y - c o n t r o l  condenser en te rs  t h e  bed 
i n l e t  man i fo ld ,  where f l o w  can be d i v e r t e d  around t h e  bed d i r e c t l y  through a 
back-pressure v a l v e  t o  the  vacuum system. T h i s  was the  case w h i l e  experimen- 
t a l  c o n d i t i o n s  were be ing  es tab l i shed .  For adso rp t i on  tes ts ,  t h e  f l o w  i s  
d i r e c t e d  th rough the  bed, then through a back-pressure v a l v e  t o  the  vacuum 
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Figure 4-4. Schematic o f  Dynamic Mass-Transfer Apparatus 
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Figure 4-5. Dynamic Mass-Transfer Apparatus 

system. Vacuum i s  provided by two large pumps. One pump i s  used w h e n  h i g h  
flow ra t e s  and moderate vacuums a re  required, a s  i n  adsorption runs. T h e  
other  vacuum pump i s  used w h e n  very low pressures  a r e  des i red ;  for  example, 
d u r i n g  vacuum bakeouts. 

Thermal control of t h e  bed and of the humidity-control condenser i s  
provided by a heat- t ransport  c i r c u i t  using 62.5-percent ethylene-glycol/water 
mixture. The water-glycol emerging from the reservoi r-pump system i s  s p l i t  
in to  two separate  streams. One stream i s  dir.ected through temperature- 
cont ro l led  e l e c t r i c  heaters .  The other  stream is  cooled by a Freon r e f r ige ra -  
t ion system. By s e l ec t ive  mixing of these streams a t  t h e  bed, and a l s o  a t  t h e  
condenser, t h e  desired temperatures can be obtained. T h u s ,  a bed  can be 
heated t o  120°F for  an adsorption run, w h i l e  the  condenser can b e  held a t  
5OoF fo r  h u m i d i t y  cont ro l .  
from 2OoF up  t o  approximately 20OoF. 
the condenser a r e  returned t o  the pump reservoir .  

The water-glycol system i s  capable of temperatures 
Water-glycol e f f luen t s  from t h e  b e d  and 

Above 2OO0F, bed heating can b e  accomplished by use of  an open-loop 
nitrogen heating c i r c u i t .  Separate e l e c t r i c  hea te rs  were i n s t a l l e d  fo r  t h i s  
purpose. To use t h e  nitrogen heating c i r c u i t ,  t h e  bed is  f i r s t  drained of 
water-glycol and then i so l a t ed  from the l i q u i d  c i r c u i t .  By use of appropriate  
valving and l ines ,  the hot nitrogen can be d i rec ted  in to  the hea t - t ransfer  
passages of t h e  bed .  This system was ac tua l ly  used i n  only a few adsorption 
runs. I t s  main use is fo r  vacuum bakeouts of the bed. I n  these instances,  
the nitrogen i s  heated t o  approximately 50OoF. 
gate  valves a re  opened to  t h e  vacuum system. 

For bakeouts, both of t h e  large 
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The source f o r  carbon d i o x i d e  used i n  the exper iments i s  a h i g h  pressure 
b o t t l e  of ve ry  d r y  C02 gas. 
t o  a p r e c i s i o n  rotameter  ope ra t i ng  a t  20 ps ia .  
by a v a l v e  downstream o f  t h i s  ro tameter .  
n i t r o g e n  stream downstream o f  the humid i t y -con t ro l  condenser. 

Through a dual  s tage regu la to r ,  C02 i s  supp l i ed  
C02 f l o w  r a t e  i s  c o n t r o l l e d  

The C02 i s  mixed i n t o  the  main 

H u m i d i f i c a t i o n  i s  p rov ided by the heated bubbler .  Two methods o f  
One o f  these methods has a l ready  been humid i ty  c o n t r o l  a re  a v a i l a b l e .  

mentioned: the  condensat ion o f  excess mois tu re  i n  the humid i t y -con t ro l  
condenser. As exper ience was gained w i t h  the t e s t  apparatus, i t  was found 
t h a t  the i n l e t  dew p o i n t  was sometimes hard t o  c o n t r o l  i n  t h i s  manner. T h i s  
i s  because the condenser and the bed bo th  use the same h o t  and c o l d  water-  
g l y c o l  streams. Dur ing  the  p e r i o d  o f  t ime when the adso rp t i on  r a t e  i n  the  
bed was n e a r l y  constant, c o n d i t i o n s  c o u l d  be main ta ined f a i  r l y  s t e a d i l y .  
However, as the desorp t ion  process subsided, t h e  wa te r -g l yco l  stream r e t u r n i n g  
t o  the  r e s e r v o i r  f rom the  bed became coo le r  and coo le r .  T h i s  had the  e f f e c t  
o f  gradual  l y  c o o l i n g  the  wa te r -g l yco l  f l o w  t o  the condenser. e W i  t h o u t  c o n t i n -  
ua l  adjustment, bed i n l e t  dew p o i n t  tended t o  dec l ine .  I n  add i t ion ,  over 
h u m i d i f i c a t i o n  a t  t he  bubbler  caused t h e  r a t e  o f  e x t r a c t i o n  o f  water f rom i t  
t o  be r e l a t i v e l y  large, r e q u i r i n g  f requent  adjustments t o  the  water  l e v e l .  

A second more s t a b l e  method o f  h u m i d i f i c a t i o n  was devised. I n  t h i s  method, 
the f l o w  r a t e  o f  gas f l o w i n g  t o  the bubbler  i s  c a r e f u l l y  c o n t r o l l e d  so t h a t  
p r e c i s e l y  t h e  des i red  amount o f  h u m i d i f i c a t i o n  w i l l  be ob ta ined a t  the bubbler .  
The condenser i s  i s o l a t e d  from the coo lan t  system. I n  t h i s  method, the  means 
o f  humid i t y  c o n t r o l  i s  independent o f  the bed coo lan t  system and does n o t  
d r i f t  w i t h  the adso rp t i on  r a t e .  The bubbler  water  l e v e l  i s  a l s o  e a s i e r  t o  
c o n t r o l .  For low l e v e l s  o f  t h e  humid i f i ca t i on ,  f o r  example, h u m i d i f y i n g  the 
l abo ra to ry  d r y  n i t r o g e n  t o  -4OOF dew point ,  the apparatus can opera te  unattended 
f o r  a p e r i o d  o f  severa l  days w i t h o u t  the dew p o i n t  d r i f t i n g  more than l o  o r  2OF. 
Whenever h u m i d i f i c a t i o n  t o  a h i g h e r  l e v e l  (usua l l y  SOOF dew p o i n t )  i s  desired, 
some superv i s ion  and c o n t r o l  o f  t he  bubbler  i s  requ i red ;  t h a t  is, smal l  ad- 
jus tments  migh t  be requ i red  as o f t e n  as every 30 minutes.  

I n s  t rumen ta  t i on 

Pressures a re  measured a t  a1 1 c r i t i c a l  p o i n t s  i n  the f l o w  system w i t h  
p r e c i s i o n  Wal lace  and T ie rnan gages. For unattended operat ion,  c r i t i c a l  
pressures can be measured and recorded by Baraton pressure t ransducers.  
Temperatures a r e  measured throughout the  system and i n  the beds by copper 
constantan thermocouples. A l l  temperatures a r e  con t inuous ly  moni tored and 
recorded d u r i n g  t e s t  per iods .  As  noted e a r l i e r ,  a l l  f l o w  r a t e s  a r e  measured 
by rotameters c a l i b r a t e d  a t  20 ps ia .  

* 
Water concent ra t ions  a r e  measured by means o f  dew p o i n t  hygrometers. 

Sample l i n e s  t o  the  hygrometer system a re  prov ided a t  the bed i n l e t ,  a t  the 

ik I n  such instruments,  dew p o i n t s  a r e  measured above 32OF and f r o s t  p o i n t s  
below 32OF. 
r e p o r t .  
by use of tab les  based on water  vapor e q u i l i b r i u m  w i t h  i ce .  

For s i m p l i c i t y ,  the term dew p o i n t  i s  used throughout  t h i s  
Below 32OF proper  convers ion '  t o  water  vapor pressures was made 
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ou t l e t ,  and i n  the bypasss system. For those r u n s  dealing w i t h  dew points above 
room temperature, the e n t i r e  sample l i ne  system can be heated w i t h  e l e c t r i c  
s t r i p  heaters .  Dur ing  the f i r s t  s e r i e s  of t e s t s ,  dew point measurements were 
taken w i t h  a Cambridge Model 992 automatic hygrometer and w i t h  an AiResearch 
manual hygrometer. The Cambridge hygrometer, a t  t h a t  time, had the capab i l i t y  
t o  measure and continuously record dew points from about +IOo t o  12OoF. The 
manual AiResearch instrument can be used from room temperature down t o  -IOO°F; 
b u t  a s  a manual instrument, i t  could produce only instantaneous readings. 
Generally such readings were taken about every 15 t o  20 minutes. 

Later i n  the  program, the Cambridge hygrometer was modifi,ed t o  allow i t  
Dur ing  the ea r ly  par t  t o  read over an extended range, from -100' t o  +12OoF. 

of adsorption breakthroughs, the Cambridge hygrometer was s e t  t o  read the 
i n l e t  dew point t o  t h e  test b e d .  Once i t  was confirmed tha t  conditions had 
s e t t l e d  down, the instrument was switched t o  the o u t l e t  stream. I n  t h i s  manner 
almost the e n t i r e  breakthrough curve was recorded by t h i s  instrument. During 
the r e s t  of the breakthrough, the i n l e t  dew point was monitored w i t h  t h e  manual 
AiResearch hygrometer. Later on i n  the t e s t  se r ies ,  a second Cambridge hygro- 
meter was purchased and in s t a l l ed  i n  the apparatus.  I n  the f ina l  configuration, 
i n l e t  and o u t l e t  humidities a r e  continuously monitored and recorded. Finer 
control of the adsorption conditions i s  afforded by t h i s  setup. Also, w i t h  no 
need for  manual readings, the t e s t  procedure i s  grea t ly  s implif ied.  

The hygrometers were subjected t o  a rigorous ca l ib ra t ion  procedure. I t  
was found tha t  the accuracy of the Cambridge instruments was good, usually 
w i t h i n  + I  O F ,  and no cor rec t ions  were employed. However, the AiResearch 
hygrometers were found t o  read considerably low i n  the low dew-point range. 
Where possible,  cor rec t ions  were made to  these readings. Because the region 
where these cor rec t ions  were made represents very low water concentrations,  
the shape of breakthrough curves i s  not grea t ly  a f fec ted  by the inaccuracy 
of the manual u n i  t .  

I n  ear ly  experiments, C02 concentrations were measured by a Beckman IR 
15A infrared analyzer.  Later a wider range, more s table ,  instrument, the 
Beckman I R  3158, was procured. This infrared analyzer was capable of much 
grea te r  accuracy i n  lower C02 concentration regions, and i s  t h u s  more valuable 
fo r  those experiments dealing w i t h  C02 p a r t i a l  pressures below 7 mm Hg. The 
infrared analyzers were ca l ibra ted  by means of pre-mixed and analyzed gases;  
f i ve  d i f f e ren t  gas mixtures ranging from 0.5 t o  3.0 volume percent C02 i n  
nitrogen were ava i lab le .  A t  a l l  times when taking readings w i t h  the infrared 
C02 analyzers, the pressure a t  the instrument 's  detect ing ce l l  was held 
prec ise ly  a t  7 . 0  p s i a .  T h i s  pressure was read on a precision Wallace and 
Tiernan gage. To f a c i l i t a t e  the sampling of the various t e s t  and ca l ib ra t ion  
gases by the one C02 analyzer, a special  sample manifold was in s t a l l ed  i n  
the apparatus.  The flow r a t e  of a l l  sample flows was measured by rotameters. 

For those experiments i n  which appreciable quan t i t i e s  of both water vapor 
and C02 were mixed in to  the nitrogen stream, water t raps  containing magnesium 
perchlorate  ( t r ade  name Anhydrone) were included i n  the  sample l i nes  leading 
t o  the C02 analyzer.  
CO readings. 

Cal ibrat ions ve r i f i ed  t h a t  these dryers produced accurate  
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Test  Procedure 

Each t e s t  i n  t h i s  program was preceded by a pro longed vacuum bakeout 
o f  the sorbent  bed. Usua l l y  450' t o  500'F was a t t a i n e d  w i t h i n  the bed a t  a 
pressure o f  approx imate ly  IO t o  20 p Hg. The o b j e c t i v e  o f  the  vacuum bake- 
ou t  was t o  reduce the water  conten t  o f  the bed t o  about 0.1 percent  o r  less.  

The a c t u a l  adso rp t i on  run was preceded by a p e r i o d  o f  u s u a l l y  about 
2 h r  i n  which the proper  t e s t  c o n d i t i o n s  were es tab l i shed.  These inc luded  

p a r t i a l  pressure.  
bed temperature, bed pressure, flow rate,  i n l e t  dew po in t ,  and i n l e t  CO 

stream was d i r e c t e d  around the bed through the bypass system. When a l l  con- 
d i t i o n s  were s a t i s f a c t o r y ,  the t imer  c l o c k  was i n i t i a t e d ,  and the f l o w  was 
d i r e c t e d  through the bed. Dur ing the f i r s t  minute o r  two o f  the  adso rp t i on  
run, f l o w  rates,  pressures, temperatures, arid i n l e t  concent ra t ions  were g iven 
f i n a l  adjustments t o  compensate f o r  the  s l i g h t l y  d i f f e r e n t  c o n d i t i o n s  o f  the  
bypass system and the  bed system. Throughout the adso rp t i on  breakthrough, 
i n l e t  and bed c o n d i t i o n s  were con t inua l  l y  moni tored and, when necessary, m a l  1 
adjustments were made. A t  r e g u l a t o r  i n t e r v a l s ,  a l l  i tems o f  data were re -  
corded on data sheets.  Th is  was i n  a d d i t i o n  t o  the  temperatures, dew points ,  
and C02 concent ra t ions  which were c o n t i n u a l l y  recorded. 

Dur ing t h i s  per iod,  the bed was c losed o f f  and the f ? ow- 

Normally, breakthroughs w e r e  c a r r i e d  ou t  i n  one cont inuous run, u n t i  1 
i n l e t  and o u t l e t  c o n d i t i o n s  were  v e r i f i e d  t o  be the  same. For some o f  the 
runs d e a l i n g  w i t h  the  adsorp t ions  o f  water on molecu lJ r  s ieve  13X o r  s i l i c a  
gel, i t  was n o t  p o s s i b l e  t o  man the equipment d u r i n g  the f u l l  p e r i o d  o f  the  
breakthrough. I n  these instances, w i t h  the 1 / 2 - i n . - f i n  bed, i t  was decided t o  
suspend the  test,and shut  o f f  the bed and cool  i t  below i t s  adso rp t i on  temper- 
a tu re .  The adso rp t i on  run was then r e s t a r t e d  on the nex t  day. The r e s u l t s  
o f  these long t e s t s  seem t o  be q u i t e  reasonable, and very  l i t t l e  e f f e c t  was 
ev iden t  f rom the i n t e r r u p t i o n  i n  the t e s t  procedure. Wi th  the 1 / 2 - i n . - f i n  
bed, t he  temperature p r o f i l e s  were u s u a l l y  f a i r l y  un i form;  t h a t  is, temper- 
a t u r e  excurs ions a t  the adsorb ing f r o n t  were n o t  large.  Thus, the  r e s t a r t  
o f  the  bed a t  n e a r l y  un i fo rm temperature was n o t  a l a r g e  depar tu re  f rom the  
cond i t i ons  a t  the t ime o f  shut  down. The con t inua l  c o o l i n g  o f  t he  bed du r ing  
the i d l e  p e r i o d  tended t o  ma in ta in  the sorba te  load ing  d i s t r i b u t i o n  on the  
bed. On the o the r  hand, the  I - i n . - f i n  bed t e s t s  were cha rac te r i zed  by l a r g e  
temperature excurs ions a t  the adso rp t i on  f r o n t .  For these tes ts ,  i t  was 
undes i rab le  t o  i n t e r r u p t  the  adsorp t ion  procedure. Therefore, as much as 
possible,  c o n t i n u a l  coverage o f  the adso rp t i on  runs was a f fo rded.  
there  were some c o n d i t i o n s  where t e s t  suspension and r e s t a r t  were necessary. 
These runs d i d  show apprec iab le  e f f e c t s  o f  the i n t e r r u p t i o n .  

Even then, 

For C02 adso rp t i on  runs, the i n f r a r e d  analyzers were c a l i b r a t e d  a t  
regu la r  i n t e r v a l s  by means o f  the spec ia l  b o t t l e d  gases. I n  some instances, 
severa l  c a l i b r a t i o n s  were made du r ing  a run. For sho r te r  runs, t he  c a l i b r a -  
t i o n s  o f  the i n f r a r e d  ana lyzer  were done a t  the  beg inn ing  and a t  the  end 
o f  the t e s t .  I t  was u s u a l l y  found t h a t  the c a l i b r a t i o n  d r i f t  was ve ry  s l i g h t  
dur ing  the runs. Th is  was e s p e c i a l l y  t r u e  f o r  the  newer i n f r a r e d  analyzer .  
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One goal  o f  the  t e s t  program was t o  o b t a i n  in fo rmat ion  on g a s - s t r i p p i n g  
o f  water  from s i l i c a  ge l  and 1 3 X  molecu la r -s ieve  beds. Thus, a f t e r  some o f  
the water  breakthroughs were completed, a gas-s t r i  pp i  ng t e s t  was conducted. 
These t e s t s  u s u a l l y  i nvo l ved  j u s t  the  t u r n i n g  o f f  and i s o l a t i n g  o f  bo th  the 
bubb ler  and the humid i t y -con t ro l  condenser, and a l l o w i n g  d ry  n i t r o g e n  t o  pass 
through the  bed. Other than d ispens ing  w i t h  the humid i t y -con t ro l  funct ions,  
the t e s t  procedures were the  same as d u r i n g  abso rp t i on  breakthroughs. 1 

a .  

I n  some instances, however, i t  was des i red  t o  run the gas -s t r i pp ing  
opera t i on  a t  a d i f f e r e n t  temperature than the  adso rp t i on  run. As discussed 
e a r l i e r ,  one goal  o f  t h e  dynamic t e s t s  was t o  produce da ta  on mass- t ransfer  
parameters w h i l e  e l i m i n a t i n g  h e a t - t r a n s f e r  e f f e c t s  f rom the  eva lua t i ons .  
Accordingly,  f o r  these p a r t i c u l a r  g a s - s t r i p  operat ions,  a t r a n s i t i o n  desorp- 
t i o n  sequence was introduced, a l t e r i n g  bed temperature t o  the c o n d i t i o n s  a t  
which the gas s t r i p  was t o  be run. Usual c o n d i t i o n s  f o r  t h i s  type o f  t e s t  
were a 6OoF adsorp t i on  t o  be fo l l owed  by a 9O*F gas s t r i p .  
th is ,  a f t e r  complete breakthrough a t  6OoF had been ascertained, t he  bed tem- 
pe ra tu re  was brought  up t o  90°F w i t h o u t  changing any o f  the o t h e r  t e s t  param- 
e t e r s .  Normal da ta  m o n i t o r i n g  and record ing  cont inued.  Dur ing  the t r a n s i t i o n  
per iod,  because of  the  increase i n  bed temperature, the  o u t l e t  humid i t y  rose 
above t h a t  o f  the i n l e t  and s tayed above i t  f o r  a p e r i o d  o f  t ime. F i n a l l y ,  
enough water  was removed from the  bed and, again, the i n l e t  and o u t l e t  cond i -  
t i o n s  became equal .  Then the bubb ler  and humid i t y  c o n t r o l  condensers were 
tu rned o f f  and isolat'ed, and dry  n i t r o g e n  was a l lowed t o  pass through the  bed. 

To accompl ish 

The data f rom the t r a n s i t i o n  p e r i o d  was o f  no r e a l  use i n  the  e v a l u a t i o n  
o f  mass- t ransfer  parameters because o f  the changing bed temperature. However, 
the reco rd ing  o f  i n l e t  and o u t l e t  concent ra t ions  a l lowed c a l c u l a t i o n  o f  the  
amount o f  water  removed from the  bed. S i m i l a r l y ,  t h e  c a l c u l a t e d  amounts o f  
water  l e f t  on o r  removed from the bed du r ing  the adso rp t i on  p e r i o d  and the 
f o l l o w i n g  gas s t r i p  a l l ows  a complete m a t e r i a l  balance t o  be obtained. Th is  
m a t e r i a l  balance compares t o t a l  sorbate i n f l u x  t o  t o t a l  e f f l u x .  I t  does no t  
r e l a t e  t o  e q u i l i b r i u m  cond i t ions ,  and i s  thus independent o f  bed temperature 
measurements. I n  e f f e c t ,  i t  i s  a d i r e c t  check on the concen t ra t i on  measure- 
ments. 

I n  some r a r e  cases, the l abo ra to ry  n i t r o g e n  conta ined much more water 
vapor than usual (normal ly  -8OOF dew p o i n t  o r  less) .  
s t r i p s  and o t h e r  low humid i t y  t e s t s  when t h i s  occurred, an a u x i l i a r y  d r y i n g  
bed was i n s t a l l e d  i n  the  system. Molecular  s ieve  1 3 X  was the sorbent  used 
i n  t h i s  bed. 

To p r o p e r l y  run  gas 
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CHARACTERISTICS OF BREAKTHROUGH CURVES 

Data Reduct ion and Presenta t ion  

The raw data taken from the mass- t ransfer  apparatus was sub jec ted  t o  a 
data reduc t i on  proceddre t o  smooth o u t  exper imental  upsets and t o  p rov ide  
in fo rmat ion  i n  more meaningful  terms. The data reduc t i on  was i n i t i a t e d  by 
checks o f  ins t rument  c a l i b r a t i o n s .  Then, on the  s t r i p  c h a r t s  o f  the hygro- 
meter and C02 ana lyzer  outputs,  shor t - te rm d iscrepancies due t o  pressure and. 
temperature f l u c t u a t i o n s ,  adjustments i n  f l o w  rate,  and adjustments i n  i n l e t  
cond i t i ons  were smoothed. 
large, the  data was judged t o  be o f  such poor q u a l i t y  t h a t  the run was 
r e j e c t e d  and s e t  as ide  f o r  a rerun.)  
o f  dew-point and C02-volume-percent readings i n t o  concen t ra t i on  readings. 
From pub l ished tables, the  dew-point readings were t ransformed i n t o  water  vapor 
pressures;  water  vapor concent ra t ions  were then ob ta ined 

( I n  some instances, where t h e  f l u c t u a t i o n s  were 

Th is  was fo l l owed  by the t rans fo rma t ion  

pn20 pn20 If3 c = - - =  28 - - 
‘Total ’C02 pH,20 H2° p N 2  

18 
28 , 
- 

This  concen t ra t i on  u n i t  has the u n i t s  o f  mass o f  water per  mass o f  n i t rogen .  

From the  c a l i b r a t i o n  curve produced a t  the  t ime o f  t h e  tes t ,  the  C02 

These values were then used t o  o b t a i n  mass 
ana lyzer  ou tpu t  t r a c e  was transformed i n t o  C02 concen t ra t i on  values ( i n  the 
u n i t s  o f  volume-percent C02). 
concen t ra t i on  u n i t s  

(Val % CO2) 44 
- (4 -2 1 - 

cco2 - ( 100 - Vol ‘$I C O 2 l  28 

1 

Since water t raps  were inc luded i n  the  sample l i n e s  t o  the C02 analyzer, 
t h i s  formula was v a l i d  regard less  o f  whether water  was invo lved  i n  the t e s t .  
The u n i t s  o f  t h i s  concen t ra t i on  a re  mass o f  C02 per  mass o f  n i t rogen.  

The i n l e t  and o u t l e t  concent ra t ions  were p l o t t e d  aga ins t  t e s t  t ime t o  
produce the  des i red  breakthrough curve. 
sorbate m a t e r i a l  per  u n i t  mass o f  n i t r o g e n )  se lec ted  f o r  the p r e s e n t a t i o n  
o f  breakthrough curves may no t  a l l o w  one t o  e a s i l y  o b t a i n  a f e e l  f o r  the  
mass- t ransfer  ope ra t i on  by mere i nspec t i on  o f  the breakthrough curves. That 
i s ,  one migh t  have a g rea te r  i nhe ren t  f e e l i n g  f o r  the adso rp t i on  process i f  
p a r t i a l  pressures o f  water  o r  CO were p l o t t e d  versus time. However, the 
mass concen t ra t i on  u n i t s  a r e  muci  more use fu l  when d e t a i  l e d  design and per -  
formance p r e d i c t i o n s  a r e  considered. F i r s t  o f  a l l ,  by i n t e g r a t i n g  e i t h e r  
g r a p h i c a l l y  o r  numer i ca l l y  between the i n l e t  and the o u t l e t  traces, one i s  
ab le  t o  o b t a i n  the  amount o f  sorbate l e f t  on the  bed a t  any p a r t i c u l a r  t i m e .  
Th is  c a l c u l a t i o n  can then be used t o  o b t a i n  removal , e f f i c i e n c y  vs time. I n  
system designs, t h i s  i n fo rma t ion  i s  used t o  s e t  c y c l e  times. 

The u n i t  o f  concen t ra t i on  (mass o f  
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When the  i n t e g r a t i o n  i s  c a r r i e d  o u t  f o r  t he  e n t i r e  breakthrough, the  
r e s u l t  i s  the  u l t i m a t e  s o r p t i o n  c a p a c i t y  of the  sorbent bed. D i v i d i n g  by the  
d ry  sorbent mass y ie lds ,  by d e f i n i t i o n ,  the  equi l i b r i u m  load ing  o f  the  sorbent 
w i t h  respec t  t o  bed temperature and i n l e t  sorba te  p a r t i a l  pressure. A d i r e c t  
comparison w i t h  pub l i shed  e q u i l i b r i u m  data, o r  t h a t  data taken from a s t a t i c  
test ,  i s  then poss ib le .  I 

A s  a goal, i t  was des i red  t h a t  t he  exper imentalFy de r i ved  bed l o a d i n g  
would be w i t h i n  25 percen t  o f  t h a t  ob ta ined  from e q u i l i b r i u m  data. 
cases where the comparison ( u s u a l l y  c a l l e d  a m a t e r i a l  balance check) was 
Considerably l a r g e r  than +5 percent, t h e r e  was u s u a l l y  something wrong w i t h  
the exper imental  run  i n  ques t ion .  Thus, the d e r i v e d  l oad ing  and the r e s u l t i n g  
m a t e r i a l  balance check were used as i n d i c a t o r s  o f  t he  q u a l i t y  o f  the  adso rp t i on  
runs. 

I n  those 

i I 

There a r e  s e v e r a l i d i f f e r e n t  ways i n  which the  m a t e r i a l  balance check was 
used t o  improve, o r  a t  l e a s t  t o  c e r t i f y ,  the  q u a l i t y  o f  the  data taken i n  the 
program. For example, i n  the : f i r s t  runs conducted i n  the  program concerning 
water adso rp t i on  on s i l i c a  gel, i t  was c o n s r s t e n t l y  found t h a t  the bed adsorbed 
cons ide rab ly  more water  than p r e d i c t e d  by e q u i l i b r i u m .  D e t a i l e d  checks o f  t he  
exper imental  equipment and ins t rumen ta t i on  revea led  no reason f o r  t h i s  devia- 
t i o n .  Data r e d u c t i o n  procedures were c a r e f u l l y  checked w i t h o u t  f i n d i n g  any 
e r r o r s .  Even s e l e c t e d  t e s t  re runs  d i d  no t . shed  l i g h t  on the  problem. F i n a l l y ,  
susp ic ion  was c a s t  upon the  s i l i c a  ge l  e q u i l i b r i a  as pub l i shed  by the manufac- 
t u r e r .  Up t o  t h a t  t ime no s i l i c a  ge l  e q u i l i b r i u m  data had been taken i n  t h i s  
program; therefore,  i t  was decided t o  o b t a i n  60' arid 12OoF o f  isotherms. 
(These have a l ready  been discussed and presented i n  Sec t ion  3.) 
was t o  show t h a t  t h e  s i l i c a s g e l  as p r e s e n t l y  manufactured by the  Davison 
Company i s  much b e t t e r  than would be expected from pub l i shed  in fo rma t ion .  
I n  fac t ,  i n  a personal  communication, i t  was r e l a t e d  t h a t  the  manufac tur ing  
process had been a l t e r e d  i n  the  hope o f  improving the sorbent  capac i t y .  
However, no new e q u i l i b r i u m  c a p a c i t y  da ta  had been a v a i l a b l e .  

The e f f e c t  

I 

Whenever a m a t e r i a l  bal'ance check was dec ided ly  n e g a t i v e . ( t h a t  i s ,  the 
d e r i v e d  bed load ing  was much less  than the  p r e d i c t e d  e q u i l i b r i u m  loading), 
e i t h e r  a l e a k  i n t o  t h e  bed system from the  ambient,or a poor vacuum bakeout 
was suspected. I n v a r i a b l y ,  nega t i ve  m a t e r i a l  balances o f  as much a s  20 t o  
30 percent  were narrowed down t o  one o f  these two causes. 

Large p o s i t i v e  d isc repanc ies  i n  the m a t e r i a l  balance checks ( t h a t  i s ,  
t he  bed p i c k i n g  up cons iderab ly  more than equi 1 ibr ium), *were i n v a r i a b l y  con- 
nec ted  t o  an undes i red  and unknown bypass o f  t h e  gas stream around the  adsorp- 
t i o n  bed. I n  one s i t u a t i o n  concern ing  severa l  runs, upon checking for  ' j u s t  
t h i s  s o r t  o f  a bypass around the  bed, a f a i l e d  ( l e a k i n g )  va l ve  was discovered. 
Other cases i n v o l v i n g  s i n g l e  runs u s u a l l y  i n v o l v e d  the  i nadver ten t  opening 
af a va lve ;  i n  one instance, the  f a i l u r e  o f  a d i f f e r e n t i a l  pressure gage was 
suspected. 

I n  some cases, t h e r e  were m a t e r i a l  balance checks o f  about 10 percent  
which c o u l d  n o t  be a t t r i b u t e d  t o  poor bakeouts, t o  leaks i n t o  the  system, 
etc.  I t  i s  suspected t h a t  the  reason these m a t e r i a l  balance checks were n o t  
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b e t t e r  i s  a s h i f t  i n  t he  o u t p u t  o f  the  temperature recorder .  That is, the 
ac tua l  bed temperature was somewhat h ighe r  o r  lower than t h a t  d e s i r e d  and 
ind i ca ted .  Th is  s i t u a t i o n  i s  discussed l a t e r  w i t h  t he  p r e s e n t a t i o n  o f  t he  
p e r t i n e n t  breakthrough curves. 

There was always some u n c e r t a i n t y  as t o  what the  e f f e c t i v e  bed tempera- 
t u r e  a c t u a l l y  was d u r i n g  a run. There were seven thermocouples w i t h i n  the  
packed bed, one thermocouple each on the i n l e t  and o u t l e t  process gas streams, 
and one thermocouple each on the  i n l e t  and o u t l e t  wa te r /g l yco l  coo lan t  streams. 
Dur ing  adso rp t i on  cond i t ions ,  t h e r e  was always a v a r i a t i o n  i n  the  readings. 
I t  was considered t h a t  the  i n l e t  and o u t l e t  temperatures o f  the  gas stream 
o r  the  w a t e r / g l y c o l  stream were n o t  rep resen ta t i ve  o f  bed temperature. T h i s  
l e f t  the  bed i n t e r i o r  thermocouples f o r  the  de terminat ipn .  One o f  these 
seven thermocouples was a t tached  t o  a copper f i n ,  and t h e r e f o r e  would n o t  be 
r e p r e s e n t a t i v e  o f  t he  sorbent temperature. The o t h e r  thermocouples were 
d i s t r i b u t e d  a long t h e  bed length .  As the  mass-transfer zone proqeded a long  
the  bed, the  thermocouples w i t h i n  t h i s  zone would read h ighe r  tha 
The d i f f e r e n c e  c o u l d  be 3' t o  IOOF, sometimes more. 
e f f e c t i v e  bed temperature was most p r o p e r l y  determined by the  temperature 
readings o u t s i d e  o f  the  mass-transfer zone. 

I t  was decided t h a t  

There, were s t i  1 1  v a r i a t i o n s  i n  these readings, due t o  t ransverse  tempera- 
t u r e  g rad ien ts  i n  the  bed pack ing  between f i n s  and u n c e r t a i n t y  i n  thermocouple 
l o c a t i o n .  The thermocouples were a t tached t o  a t h i n  w i r e  which was s t r e t c h e d  
l o n g i t u d i n a l l y  down the  bed length.  Even though thermocouple p o s i t i o n  c o u l d  
be determined accu ra te l y  i n  the empty bed, t h e r e  was no guarantee t h a t  d u r i n g  
packing, the  thermocouples had n o t  been d i sp laced  l a t e r a l l y .  Moreover, due 
t o  the  o f f s e t  n a t u r e  o f  t he  f ins, and the  normal waviness o f  the  t h i n  copper 
f ins ,  n o t  a l l  thermocouples c o u l d  be p laced i n i t i a l l y  i n  the  center  o f  a 
passage. , Therefore those thermocouples l oca ted  c l o s e r  t o  f i n  surfaces would 
be coo le r  than mean bed tqmperature. The bes t  t h a t  cou ld  be done was t o  
average those readings f o r  thermocouples n o t  i n  the  mass- t rans fer  zone. 
Temperature recorder  c a l i b r a t i o n  s h i f t s ,  evidenced i n  a few instances, 
a l s o  caused some u n c e r t a i n t y  i n  bed temperature readings. 

I n  the  fo rego ing  d iscuss ions  concerning m a t e r i a l  balance checks, i t  has 
been assumed t h a t  the  e l u i l i b r i u m  load ing  o f  C02 o r  water i s  n o t  a f f e c t e d  
by the  presence of the  n i t r o g e n  c a r r i e r  gas. 
water e q u i l i b r i u m  data as presented i n  Sec t ion  3 i s  taken w i t h  o n l y  the  sorba te  
i n  c o n t a c t  w i t h  mo lecu la r  s ieve .  That i s ,  the  t o t a l  p ressure  and the sorba te  
p a r t i a l  p ressure  a r e  synonomous. I n  the dynamic tes ts ,  t he  c a l c u l a t e d  sorba te  
load ings  a r e  those developed i n  the  presence o f  cons iderab le  n i t r o g e n  gas. 
From the  w e l l - c o n t r o l l e d  s ing le -so rba te  dynamic tes ts ,  i t  i s  concluded t h a t  
the above assumption i s  c o r r e c t ;  t he re  i s  n e g l i g i b l e  e f f e c t  o f  the c a r r i e r  
gas. 

I t  i s  no ted  t h a t  t h e  C02,anq 
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Character i s t i cs o f  D i  mens i ona 1 and D i  mens I on 1 ess Breakthrough Curves 

F igu re  4 - 6  shows a number o f  p o s s i b l e  breakthrough curves. Curve A i s  
a h y p o t h e t i c a l l y  p e r f e c t  breakthrough curve. 
a l l  sorbent  m a t e r i a l  t h a t  en te rs  the  bed i s  h e l d  on i t  up u n t i l  the  t i m e  t h a t  
the e q u i l i b r i u m  load ing  capac i t y  has been reached. then the breakthrough i s  
instantaneous, and the i n l e t  and o u t l e t  streams become equal. Curve B repre-  
sehts a r e a l  i s t i c a l l y  a t t a i n a b l e ,  good breakthrough curve. W i th  t h i s  type  of 
curve,very l i t t l e  sorbate passes through the  bed u n t i l  q u i t e  l a t e  i n  the  
breakthrough per iod .  Then the  breakthrough i s  reasonably steep and the  o u t l e t  
concen t ra t i on  reaches t h a t  o f  the i n l e t  f a i r l y  q u i c k l y ,  Curve B i s  represen- 
t a t i v e  o f  a lmost a1 1 o f  the s ing le -so rba te  breakthrough curves ob ta ined under 
t h i s  program. Curve C represents  a much poorer  breakthrough curve. I t  does 
show a p e r i o d  of t ime where very  l i t t l e  sorbate passes through the bed; then 
an i n i t i a l  p e r i o d  o f  s teep breakthrough i s  fo l l owed  by a r a t h e r  slow approach 
o f  t h e  o u t l e t  Concentrat ion t o  t h a t  o f  the i n l e t .  Curve D represents  condi -  
t i o n s  of  adso rp t i on  so poor t h a t  the  breakthrough o f  sorbate i s  immediate. 
Subsequently, a very  long t ime i s  requ i red  f o r  the o u t l e t  concen t ra t i on  t o  
reach t h a t  o f  the  i n l e t .  

I t  represents  c o n d i t i o n s  whereby 

Curve B represents  c o n d i t i o n s  i n  whi ch the  mass- t ransfer  res is tances  
i n  the  convec t ive  gas stream ou ts ide  o f  the  p e l l e t s ,  and i n  the d i f f u s i v e  f l o w  
o f  sorbate w i t h i n  the  p e l l e t s  pores, a re  low. Curve C represents  a s i t u a t i o n  
i n  which the re  i s  cons iderab le  res i s tance  w i t h i n  the sorbent p a r t i c l e ,  D r  the  
e q b i l i b r i u m  curve shape i s  somewhat un favorab le  t o  adsorp t ion .  That is, h i g h  

t 
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O u t l e t  concen t ra t i on  

The va lue f o r  8 
(see eq. 4 - 3 )  / 
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Figure  4 - 6 .  Typ ica l  Breakthrough Curves 
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l oad ings  a r e  o n l y  a t t a i n e d  a t  h ighe r  p a r t i a l  pressures, and the  e q u i l i b r i u m  
cu rve  i s  pronouncedly convex upward. Curve D represents  a c o n d i t i o n  of high 
convec t ive  mass-transfer resistance, p o s s i b l y  coupled w i t h  h i g h  i n t e r n a l  
d i f f u s i v e  res is tance,  o r  c o n d i t i o n s  where the  e q u i l i b r i u m  i s  d e f i n i t e l y  n o t  
f avorabl  e. 

As discussed p rev ious l y ,  t h e  breakthrough curue can f u r n i s h  data on the  
e q u i l i b r i u m  s o r p t i o n  capaci ty,  and t h e  shape o f  the  curve t e l l s  something o f  
the  mass-transfer process. However, f rom the  dimensional breakthrough curves 
i t  i s  o f t e n  d i f f i c u l t  t o  make c r i t i c a l  comparisons o f  one sorbent w i t h  
another, o r  o f  one s o r p t i o n  c o n d i t i o n  w i t h  another.  One o f  t he  reasons f o r  
th - is  i s  t h a t  the breakthrough curves w i l l  l i e  i n  d i f f e r i n g  t ime p o s i t i o n s  on 
the  dimensional breakthrough graph. Wi thout  some s o r t  o f  t ime  scal ing,  t he  
cu /e shapes w i l l  be d i s t o r t e d  and comparisons w i l l  be d i f f i c u l t .  To f a c i l i -  
t a t e  c r i t i c a l  comparisons o f  sorbents and sorbent cond i t ions ,  i t  i s  use fu l  
t o  express the  dimensional breakthrough curves i n  terms o f  d imensionless 
q u a n t i t i e s .  From the  concept o f  the  p e r f e c t  sorbent bed, a r e p r e s e n t a t i v e  
dimensional t i jne parameter may be designated. Th is  q u a n t i t y  i s  the t ime 
r e q u i r e d  t o  i n t roduce  j u s t  enough sorbent i n t o  the  bed t o  s a t u r a t e  i t .  For 
the  h y p o t h e t i c a l  p e r f e c t  bed, t h i s  i s  t he  t ime a t  wh ich  breakthrough occurs. 
Th is  time, 9, i s  expressed mathemat ica l l y  as ( w r i t t e n  f o r  C02 as the  sorba te)  

( h r )  ( 4  -3 1 Bed Capaci ty - - wmMB e d , e =  
'N2 'Co2, i n l e t  Rate o f  Sorbent I n t r o d u c t i o n  ' 

where wm = the  bed l o a d i n g  a t  i n f i n i t e  t ime; or i n  o t h e r  terms, the  
e q u i l i b r i u m  load ing  capac i t y  w i t h  respec t  t o  t h e  bed 
temperature and i n l e t  p a r t i a l  p ressure  (mass of C02/ 
mass o f  d ry  sorbent )  

= bed mass (mass o f  d ry  sorbent)  
MBe d 

= f low r a t e  o f  the c a r r i e r  gas (mass o f  N2/hr) 
"N2 

= i n l e t  concen t ra t i on  o f  co2 (mass o f  cO2/mass o f  N ~ )  
C02, i n l e t  

C 

I f  one wants t o  cons ider  t ha t  the bed may have had a p r e l o a d  o f  sorba te  a t  
t ime zero, t he  d e f i n i t i o n  can be r e s t r u c t u r e d  ( s h i f t e d  i n  concen t ra t i on )  

where 

e =  ' ,(wm - wt=O)-MEd2 ) 
w ~ p  JCco2, i i 7 l e t  co , t = O  

W = the bed p re load  a t  t ime t = O  (mass o f  C02/mass o f  t = O  
d ry  sorben't) 

( 4 - 4 )  
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= t h e  e q u i l i b r i u m  concen t ra t i on  over t h e  bed a t  t ime t=O 
and corresponding t o  the  l oad ing  wtZO (mass o f  C02/ 
mass o f  'N 2 ) ; ' can  be conver ted  t o  qo2, t=O by know i ng 

'to t a  1 1 

Gas s t r i p p i n g  may a l s o  be considered i n  the  same manner as adsorp t ion .  

, t = O  2 

* I  

The pe r fec t -bed  breakthrough time, 8, i s  g i ven  by Equat ion (4-4) i n  t he  
rearranged form 

,The dimensionless t ime i s  simp 
Rime by parameter 0 

y ob ta ined  by d i v i d i n g  the ac tua l  t e s t  

A d imensionless concen t ra t i on  I! i s  chosen i n  a simple, c l a s s i c a l  
manner 

@CO , t = O  c o p  t 2 
C 

\ y =  , ( 4 - 6 )  co ,t=O -CY 
2 'CO , i n l e t  2 

I n  the d iscuss ions  t h a t  follow, i t  was found t h a t  the  dimensionless breakthrough 
curves p rov ided  the  b e s t  means o f  v i s u a l  comparison o f  s o r p t i o n  c o n d i t i o n s  and 
the performance o f  beds. I t  should be s t ressed  again, t h a t  the  p r imary  
purpose o f  t he  s ing le -so rba te  breakthrough t e s t s  was f o r  t h e  eva lua t i ons  o f  
mass- t rans fer  c o e f f i c i e n t s  and i n t r a p a r t i c l e  d i f f u s i v i  ti,es. Rigoro,us compari- 
sons o f  sorbents and s o r p t i o n  c o n d i t i o n s  can then be made u s i n g  the performance- 
p r e d i c t i o n  programs a p p l i e d  t o  ac tua l  bed designs and systems o f  i n t e r e s t .  

PRESENTATION OF BREAKTHROUGH 'CURVES 

Range o f  Parameters Covered 

Tab le  4-2 presented e a r l i e r  has g iven the  range o f  t e s t  c o n d i t i o n s  
covered i n  t h i s  program. Table 4-4 r e l a t e s  these t e s t  c o n d i t i o n s  t o  the  bed 
s i z e  and volume, and f u r t h e r  r e l a t e s  the t e s t  c o n d i t i o n $  t o  those o f  use in 
a spacec ra f t  system. For the  breakthrough curves presented i n  t h e  balance 
o f  t h i s  sect ion,  a run  number des igna t ion  has been devised as f o l l o w s :  
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TABLE 4-4 

FLOW PARAMETERS RELATED TO TEST CONDITIONS 

Based upon 1.25 l b  o f  L inde 5A i n  the 1/2- in.-Fin Bed. 
P = 363 mm Hg, p = 7 mm Hg, TBed =< 7OoF 

C0 2 T 

F1 a 

Parameter Re la ted  t o  Bed Size and Flow Rate 

S u p e r f i c i a l  v e l o c i t y  ( f t / sec)  

Residence Time. (sec)  

Space Vel o c i  t y  (Bed Vol umes/sec) 

Reynolds No. 

C02 Removal Rate, a t  IO0 percent  C02 
Remova 1 E f  f i c i ency ( 1 b C02/hr) 

"Pe r fec t  Bed" Breakthrough Time, 0, a t  
100 percent  C02 Removal E f f i c i e n c y  ( h r )  

Man Ra t ing  a t  100 percent  C02 Removal 
E f f i c i e n c y  (No. o f  Men) 

I .4 

0.22 

2.3 

0.45 

3.3 

'0.043 

I .94 

'0.47 

Rate ( l b / h r )  

2.8 

0.45 

1 . 1  

0.89 

6.7 

0.087 

0.97 

0.94 

I 

5 .6  

0.89 

0.56 

1.8 

13.4 

0. I73  

I 

0.48 

I .89 

I n d i  v i  dual run des ignat ion  

Sorbent/Sorba tes  (F i  n S i  ze) - Xs, p 
I I 

Sorbent a b b r e v i a t i o n s ' a r e  ' 

SG 

5A - L inde 5A molecu la r  sieve, 1/16-in. p e l l e t s '  

- S i l i c a  gel, Davison (Grade 05), 6 t o  16 mesh 
l 

5AD - Davison 5A molecu la r  sieve, 8 t o  12 mesh spheres 

' 13X - Cinde'13X molecu la r  sieve, 1/16- in.  p e l l e t s  

Sorbate 'des ignet ions  were W f o r  water and C02 f o r  carbon d iox ide .  The f i n  
s i zes  used i 'RI the t e s t s  were 1/2- in.  and I - i n .  The X i n  the  run des igna t ion  
i s  the s e r i a l  number o f  tCs t  run. The s o r  the p which f o l l o w s  the s e r i a l  
number denotes the t e s t  was e i t h e r  a gas s t r i p ,  o r  a water p re load ing  sequence. 
An example o f  the  run  des igna t ion  i s  SG/W(I/E)-I. 
one w i t h  water  adsorb ing  on s i l i c a  gel i n  the l / 2 - i n . - f i n  bed. 

Th is  represents  run number 
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Adsorp t ion  o f  Water by  S i l i c a  Gel 

F igures  4-74t through 4-16 a r e  ,breakthrough curves f o r  the  adso rp t i on  
o f  water  by and the  gas s t r i p p i n g  o f  water from s i l i c a  ge l  con ta ined  i n  the  
1 / 2 - i n . - f i n  bed. 
f o r  s i l i c a  ge l  packed i n  the  I-in:-fin bed. 

F igures  4-17 and 4-18 a r e  water  adso rp t i on  breakthroughs 

For t h e  1 / 2 - i n . - f i n  bed, the  calcul tated sorbent  load ings  compare 
acceptab ly  w i t h  e q u i l i b r i u m  data- -genera l l y  w i t h i n  IO percent.  O r i g i n a l l y ,  
when the  da ta  was f i r s t  reduced, the  t e s t s  showed 20 t o  30 pe rcen t  more 
s o r p t i o n  c a p a c i t y  than t h e  e q u i l i b r i u m  data pub l i shed  by the  manufacturers.  
As discussed e a r l i e r ,  new data was then taken which y i e l d e d  much h ighe r  
c a p a c i t i e s .  Th is  b rought  the  dynamic and e q u i l i b r i u m  c a p a c i t i e s  i n t o  general 
agreement. The remaining d e v i a t i o n s  a re  cons idered t o  r e s u l t  f rm e r r o r s  i n  
temperature measurement and c o n t r o l - - p o s s i b l y  as much as 3OF. 
program, re f inements  were made i n  the bed temperature ins t rumenta t ion .  

The b a s i c  dew-point and c o n c e n t r a t i o n  measurements a r e  cons idered t o  be 

L a t e r  i n  the  

of good q u a l i t y .  Th i s  i s  evidenced by the c loseness o f  the  m a t e r i a l  balances 
between gas s t r i p p i n g  runs and the  preced ing  adso rp t i on  runs: -2.5 percent  
between Runs 3 and 4s; +6.4 pe rcen t  f o r  Runs 6 and 7s; +0.8 percent  f o r  Runs 
8 ( p l u s  the  t r a n s i t i o n  adso rp t i on )  and 9 s .  These balances a r e  n o t  dependent 
on e q u i l i b r i u m  data o r  bed temperature measurements; they r e l a t e  t o  o n l y  the  
concen t r a  t i on (dew po i  n t) and f 1 ow r a t e  measurements . 
of f low r a t e  i f  i t  i s  h e l d  t r u l y  cons tan t .  

They a r e  even i ndependent 

The shapes of the  breakthrough curves f o r  t he  1 / 2 - i n . - f i n  bed va ry  from 
The bes t  breakthrough curve  shape i s  g iven  by Run SG/W(1/2)-I f a i r  t o  good. 

(F igu re  4-7) f o r  t he  low f l o w  r a t e  o f  1.37 I b / h r  a t  6OoF. S i l i c a  ge l  performs 
q u i t e  s a t i s f a c t o r i l y  under the  c o n d i t i o n s  o f  t h i s  run, which a r e  the  most 
r e p r e s e n t a t i v e  o f  those t h a t  t he  sorbent would undergo i n  a spacec ra f t  system. 
There i s  a f a i r l y  long  p e r i o d  o f  t ime where removal e f f i c i e n c y  i s  over 99 
percent--5 t o  7 h r .  
d i s p r o p o r t i o n a t e l y  e a r l i e r .  
F igure  4-11), where 99 percent  removal e f f i c i e n c y  i s  a t t a i n e d  f o r  o n l y  I t o  2 
hi-.++* For 5.37 lb/hr,  Run SG/W(1/2)-8 (F igu re  4-14), the breakthrough i s  
a 1 mos t i rnme d i a t e  . 

For h ighe r  f l o w  r a t e s  a t  6OoF, the breakthrough begins 
T h i s  i s  shown f o r  2.87 l b / h r  i n  Run SG/W(1/2)-5 

A l l  o f  the adsorp t ions  a t  120°F evidence eaSly breakthroughs, wh ich  would 
n o t  be acceptable f o r  p r e d r i e r  a p p l i c a t i o n s .  
i n t e n t  t o  have p r e d r i e r  beds f u n c t i o n  isothermal l y  a t  120°F; t he  purpose o f  
these runs was t o  o b t a i n  i n f o r m a t i o n  on the  temperature dependence o f  Kg and 

3+ Due t o  the  l a r g e  number o f  pages r e q u i r e d  f o r  F igures  4-7 through 4-52, 

However, t h e r e  was never any 

these f i g u r e s  a r e  presented a t  the  end o f  t h i s  sec t ion .  

++*Due t o  equipment malfunct ion,  i n l e t  dewpoint was n e a r l y  u n c o n t r o l l a b l e  du r ing  
t h i s  run. The e a r l i e r  p o r t i o n  o f  breakthrough should n o t  have been a f f e c t e d  
and t h i s  p o r t i o n  o f  the  da ta  i s  cons idered s a t i s f a c t o r y .  However, t he  e n t i r e  
breakthrough was no t  used i n  t h e  subsequent e v a l u a t i o n  o f  mass-transfer 
p i  rameters. 
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DH20. T h i s  i s  d e s i r e d  as gas s t r i p s  c o u l d  be conducted i n  a spacecra f t  system 

a t  120'F; also, i n  a d i a b a t i c  beds, l oca l .  temperatures i n  the a d s o r p t i o n  zone 
c o u l d  approach 100' t o  I20'F. 

Two gas s t r i p p i n g  runs a t  90'F a r e  inc luded;  Runs SG/W(1/2)-2s and 
SG/W(1/2)-9s. These runs f o l l o w e d  adsorp t ions  a t  6OoF, which, i n  turn, were 
f o l l o w e d  by t r a n s i t i o n  a d s o r p t i o n  p e r i o d s  whereby bed temperature was r a i s e d  
from 60' t o  90'F. 
t i o n  f o l l o w i n g  Run SG/W(1/2)-8. 
were a1 1 conducted immediately a f t e r  t h e  preced ing  a d s o r p t i o n  breakthrough 
was completed. 

' 

For i l  l u s t r a t i o n ,  F i g u r e  4-15 shows the  t r a n s i t i o n  adsorp- 
The 120'F gas s t r i p s  (SG/W(I-2)-4s and 7s) 

From t h e  dimensional breakthrough curves, some t e n t a t i v e  conc lus ions  can 
be drawn. F i r s t ,  a t  low enough f l o w  rates,  good performance w i t h  s i l i c a  ge l  
can be a t t a i n e d  a t  60'F. 
p o s s i b l y  t h i s  i s  an e f f e c t  o f  channel ing w i t h i n  the  bed becoming more impor- 
t a n t .  Second, s i l i c a  ge l  desorp t ion  by gas s t r i p p i n g  a t  90' and 120'F proceeds 
reasonably we1 1, b u t  n o t  i n  t h e  same t ime p e r i o d  as adsorpt ion.  
dew-point  n i t rogen,  t h e  d e s o r p t i o n  is e s s e n t i a l l y  q u a n t i t a t i v e .  

A t  h i g h e r  flows, breakthroughs a r e  n o t  as good-- 

W i t h  -8O'F 

W i t h  respec t  t o  use as a p r e d r i e r  desiccant, i t  should be no ted  t h a t  
breakthrough curves l i k e  t h a t  o f  F igure  4-7 represent  t h e  b e s t  p o s s i b l e  
performance. Thi  s i s  because t h e  a d s o r p t i o n  f o l  lowed a vacuum bakeout, which 
l e f t  the  sorbent  complete ly  dry.  I n  a c t u a l  use i n  a spacecraf t ,  a f t e r  a l a r g e  
number o f  cycles,  a r e p e a t i n g  s teady-s ta te  water  l o a d i n g  would be r e t a i n e d  
by the  bed. I n  the face o f  t h i s  r e s i d e n t  loading, the  bed would have t o  
achieve 99.5 percent  removal e f f i c i e n c y .  
would n o t  operate n e a r l y  as long (5 hr )  under c y c l i c  s teady-s ta te  c o n d i t i o n s .  
D e t a i l e d  computer computations would be needed t o  o b t a i n  t h e  exac t  a l l o w a b l e  
cyc 1 e t i  me. 

C e r t a i n l y  t h e  bed o f  Run SG/W(1/2)-I 

The adsorp t ions  c a r r i e d  o u t  i n  the I - i n . - f i n  beds a r e  n o t  as good as those 
f o r  the  1 / 2 - i n . - f i n  bed. T h i s  i s  due t o  the poorer  h e a t - t r a n s f e r  performance 
o f  the I - i n .  f i n s .  These t e s t s  and comparisons of f i n s  a re  d iscussed i n  more 
d e t a i l  l a t e r  i n  t h i s  sec t ion .  

F igures 4-1 9 and 4-20 present  the  dimensionless breakthrough curves f o r  
the 1 /2 - in . - f in  bed s i  1 ica-gel /water  runs. F igure  4-19 conta ins  breakthrough 
curves f o r  a d s o r p t i o n  runs. Here, t h e  e f f e c t  o f  f l o w  r a t e  and sorbent  temper- 
a t u r e  on the  qual  i t y  o f  t h e  breakthrough i s  demonstrated. 
l b / h r  breakthrough$ i s  f a r  b e t t e r  than t h a t  f o r  5.37 l b /h r .  Al though n o t  shown, 
the e a r l y  p o r t i o n  of  the curve f o r  2.87 l b / h r  ( f r o m  Run SG/W(1/2)-5; F igure  
4-11 i s  very  c l o s e  t o  t h a t  f o r  t h e  5.37 lb /hr ,  showing a q u i t e  e a r l y  break- 
through. The data of  Curve A, 1.37 lb /hr ,  i s  w e l l  s u b s t a n t i a t e d  as two 
a d d i t i o n a l  runs were taken a t  t h i s  cond i t ion ,  each showing n e a r l y  the  same 
behav i or .  

A t  6OoF, the  I .37 

A l ' l  o f  the  120'F breakthroughs show performance s i m i l a r  t o  Curve C o f  
F igure 4-19. That is, much e a r l i e r  breakthrough than the  low f l o w  run  a t  60'F. 
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The dimensionless rep resen ta t i ons  o f  t he  gas s t r i p p i n g  runs a r e  conta ined 
i n  F igu re  4-20.  These curves a l l  show t h a t  t he  s t r i p p i n g  deso rp t i on  i s  c a r r i e d  
o u t  w i t h  some d i f f i c u l t y .  There seems t o  be l i t t l e  f l o w - r a t e  dependence. To 
emphasize th i s ,  the  h i g h  f l o w  run  (5 .37 l b / h r )  a t  12OoF was n o t  p lo t ted ,  as 
i t  f e l l  a lmost p r e c i s e l y  on Curve B ( I  .37 l b / h r ) .  

Adso rp t i on  o f  Water by Molecu la r  Sieve 13X 

Adsorp t i on  and g a s - s t r i p p i n g  breakthroughs f o r  water  vapor on Linde 
molecu la r  s ieve  13X a r e  shown i n  F igures  4-21 through 4-29. Four adsorp t ions  
and two gas s t r i p s  a r e  p resented  f o r  t he  1 / 2 - i n . - f i n  bed; and two adsorp t ions  
a re  presented  f o r  the  I - i n . - f i n  bed. For comparison, the  f o u r  adso rp t i ons  
f o r  the 1 / 2 - i n . - f i n  bed a r e  shown on one graph, F igure  4-27. 

The f i r s t  general obse rva t i on  i s  t h a t  a1 1 adso rp t i on  breakthroughs a r e  
reasonably we1 1 shaped, rega rd less  o f  f low- ra te ,  temperature, o r  f i n  s ize .  
For example, Run 13X/W(1/2)-5 f o r  2.36 l b / h r  a t  120°F shows an e x c e l l e n t  
breakthrough (F igu re  4 - 2 5 ) .  T h i s  can be c o n t r a s t e d  t o  t h a t  o f  s i l i c a  ge l  
f o r  the  same cond i t ions ,  F igu re  4-12. From these t e s t s  i t  appears t h a t  
mo lecu la r  s ieve  13X has much more l a t i t u d e  i n  adso rp t i on  than s i l i c a  g e l .  
Th i s  i s  s u b s t a n t i a t e d  by comparing e q u i l i b r i u m  data f o r  the  two sorbents 
( a s  con ta ined  i n  Sec t i on  3 ) .  
i s  g r e a t e r  f o r  low vapor pressures and does n o t  vary  n e a r l y  as much w i t h  
temperature. Thus, from the  b a s i c  e q u i l i b r i u m  data, one would conclude the 
same as these t e s t s  show, t h a t  13X has more favo rab le  adso rp t i on  c h a r a c t e r i s -  
t i c s  than s i l i c a  ge l .  

I t  i s  n o t i c e d  t h a t  t he  s o r p t i o n  capac i t y  o f  13X 

On t h e  o t h e r  hand, the  13X e q u i l i b r i a  i s  n o t  as favo rab le  f o r  gas s t r i p -  
p ing .  This i s  s u b s t a n t i a t e d  by the gas s t r i p s  presented here. For the  t e s t s  
o f  F igures  4-24 and 4-26, o n l y  a smal l  f r a c t i o n  o f  the  water o r i g i n a l l y  pre- 
sent  i s  s t r i p p e d  o f f  du r ing  the  r a t h e r  lengthy  t e s t s .  There a r e  two reasons 
f o r  t h i s .  F i r s t ,  the sorbent  has a s u b s t a n t i a l  e q u i l i b r i u m  water  c a p a c i t y  
w i t h  respec t  t o  the  i n l e t  vapor p ressure  o f  t he  s t r i p p i n g  gas. For -IOO°F 
dew-point n i t r o g e n  (water vapor p ressure  o f  approximately 0.0007 mm Hg), 
mo lecu la r  s i e v e  13X has water  c a p a c i t i e s  o f  about 5.6 and 3 . 3  percent  a t  
90' and 12OoF, r e s p e c t i v e l y .  That i s ,  a s u b s t a n t i a l  f r a c t i o n  o f  the o r i g i n a l  
water cou ld  n o t  be removed a t  a l l ,  even a t  i n f i n i t e  time. S t i l l ,  a d d i t i o n a l  
water c o u l d  have been removed w i t h  more t e s t  t ime. 
i t  was es t imated t h a t  0.120 l b  o f  water  cou ld  s t i l l  have been removed from 
the  bed. For the  12OoF gas s t r i p  the  es t ima te  i s  0.115 l b .  

For the 90°F gas s t r i p ,  

The second reason f o r  the poor gas s t r i p s  i s  due t o  a r a t e  phenomenon. 
The r a t e  i s  low because o f  a very  low d r i v i n g  f o r c e  f o r  mass t r a n s f e r .  Th i s  
d r i v i n g  f o r c e  i s  the d i f f e r e n c e  between the  equi  l i b r i u m  p a r t i a l  pressure and 
the a c t u a l  f r e e  stream p a r t i a l  pressure.  I t  i s  b e l i e v e d  t h a t  convec t ive  o r  
d i f f u s i o n a l  res i s tances  a re  n o t  apprec iab le  enough t o  cause the  slow desorp- 
t i o n  ra te .  I f  they were, the  adsorp t ions  would be s i m i l a r l y  a f fec ted ,  which 
o f  course they a r e  not.  
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The c a l c u l a t e d  sorbent  capaci t i e s  f o r  the  a d s o r p t i o n  breakthroughs a r e  
a l l  very  c lose  t o  those ob ta ined from t h e  e q u i l i b r i u m  data presented i n  
Sec t ion  5. These t e s t s  i n d i c a t e  c a p a b i l i t y  o f  t h e  apparatus t o  produce 
q u a l i t y  data. The I - i n . - f i n  bed t e s t s  show c a l c u l a t e d  c a p a c i t i e s  l e s s  than 
e q u i l i b r i u m  values. T h i s  i s  due t o  non- isothermal sorbent  condi t ions,  as a 
r e s u l t  o f  t h e  poor heat  t r a n s f e r  o f  the l a r g e r  f i n s .  T h i s  s i t u a t i o n  i s  
discussed i n  d e t a i l  l a t e r  i n  t h i s  sec t ion .  

F igure  4-30 presents  t y p i c a l  d imensionless breakthrough curves f o r  t h e  
adsorpt ions.  The curve shapes a r e  a l l  q u i t e  s i m i l a r  and t h e r e  i s  n o t  c l e a r  
c u t  dependence o f  temperature o r  f l o w  rate.  I t  should be no ted  t h a t  Run 
13X/W(1/2)-5, p l o t t e d  as curve C, was done on a d i f f e r e n t  pack ing o f  t h e  
bed than the o t h e r  two runs shown on t h i s  f i g u r e .  Also, Run 13x/w(I/2)-3, f o r  
2.26 l b / h r  and 6OoF, was n o t  p l o t t e d  as i t s  breakthrough curve  was  very  c l o s e  
t o  curves A and €3. 

F igure  4-31 shows dimensionless breakthrough curves f o r  the gas s t r i p s .  
I t  i s  aga in  e v i d e n t  f rom these curves t h a t  such gas s t r i p s  a re  c a r r i e d  o u t  
w i t h  d i f f i c u l t y .  There i s  l i t t l e  d i f f e r e n c e  i n  the  curve shapes f o r  t h e  two 
tempera tures.  

Adsorp t ion  o f  C02 by Molecu la r  Sieve 5A 

Adsorp t ion  breakthroughs were made f o r  C02 on b o t h  L inde 5A molecular  
s ieve (1/16- in .  p e l l e t s )  and Davison 5A molecular  s ieve  ( 8  t o  12 mesh 
spher ica l  beads). A good deal o f  exper ience had been ob ta ined i n  p rev ious  
programs w i t h  the  p e l l e t e d  L inde 5A sorbent.  Some o f  t h i s  exper ience was 
i n  1 / 4 - i n . - f i n  beds, which were suspected o f  excess ive channel ing.  That is,  
the p e l l e t e d  m a t e r i a l  d i d  n o t  seem t o  pack w e l l  i n t o  t h e  1/4-in. f i n s .  To 
g a i n  some exper ience w i t h  Davidson 5A molecu la r  s i e v e  t o  e v a l u a t e  channel ing 
e f f e c t s  w i t h  the  beaded m a t e r i a l ,  t h e  t e s t  program inc luded b o t h  5A sorbents .  

F igures 4-32 t h r w g h  4-39 present  a d s o r p t i o n  breakthroughs f o r  C02 on 
molecular  s ieve  5A. 
o f  C02 from 5A has l i t t l e  p r a c t i c a l  a p p l i c a t i o n ,  b u t  one such gas s t r i p  was 
made f o r  comparat ive purposes. 

F i g u r e  4-40 i s  a gas s t r i p  o f  C02 from 5A. Gas s t r i p p i n g  

F igures 4-32 and 4-33 show comparisons o f  the Linde and Davison m a t e r i a l s  
f o r  e s s e n t i a l l y  s imi  l a r  c o n d i t i o n s .  The f i r s t  observa t ion  f rom these two 
f i g u r e s  i s  t h a t  the  L inde m a t e r i a l  p rov ides  b e t t e r  breakthroughs a t  b o t h  
f l o w  ra tes .  Even though b o t h  m a t e r i a l s  show good breakthroughs, Davison 5A 
might  be r e j e c t e d  on the bas is  o f  these t e s t s .  T h i s  d e c i s i o n  i s  tempered 
however when one consi  ders the  somewhat poorer  L i  nde 5A breakthroughs which 
were ob ta ined l a t e r  i n  t h e  exper imental  program w i t h  another  pack ing o f  t h e  
bed, F igures 4-38 and 4-39. There i s  no apparent reason f o r  the  d i f f e r e n c e  
i n  qual  i t y  between the  breakthroughs o f  t h e  two packings. I n  f a c t ,  a r e r u n  
o f  the 2.4 l b / h r  c o n d i t i o n  (F igure  4-39) was made i n  an a t tempt  t o  determine 
a reason f o r  the d i f f e r e n c e .  The r e r u n  was v i r t u a l l y  the  same. 
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The o n l y  exp lana t ion  a t  p resen t  i s  t h a t  t h e  sorbent used i n  the  two 
packings ( f rom d i f f e r e n t  p r o d u c t i o n  batches) were manufactured w i  t h  d i f f e r e n t  
q u a l i t y .  Possibly,  t he re  a r e  v a r i a t i o n s  i n  the  b l e n d i n g  and e x t r u d i n g  process 
which r e s u l t  i n  p e l l e t s  w i t h  more c o n s t r i c t e d  pore  s t r u c t u r e .  There a r e  a 
number o f  ins tances  i n  the  l i t e r a t u r e  where dynamic performance v a r i a t i o n s  
a r e  thought t o  be caused by d i f f e r e n c e s  i n  the  manufac tur ing  process. I t  
i s  p o s s i b l e  t h a t  moisture, temperature, pressure, and o t h e r  process v a r i a b l e s  
cou ld  have pronounced e f f e c t s  on the  developed pore s t r u c t u r e .  On the o t h e r  
hand, i t  i s  n o t  expected t h a t  e q u i l i b r i u m  va lues  would be a l t e r e d  s i g n i f i c a n t l y  
by the  manufac tur ing  process. The b a s i c  mo lecu la r -s ieve  c r y s t a l  s t r u c t u r e  
should be e a s i l y  reproduced; the  e q u i l i b r i u m  behav io r  would then depend upon 
o n l y  the  p r o p o r t i o n  and the  i ne r tness  o f  the c l a y  b inder .  I t  seems these t o o  
c o u l d  be e a s i l y  c o n t r o l l e d .  Thus, d i f f e r e n c e s  i n  batches would n o t  be de tec t -  
a b l e  from e q u i l i b r i u m  t e s t s .  

As a r e s u l t  o f  these tests,  no conc lus ion  can be made w i t h  regard  t o  
which 5A mater ia l ,  Davison o r  Linde, i s  p r e f e r r e d .  I n  fac t ,  w i t h  e i t h e r ,  
i t  i s  p o s s i b l e  t h a t  dynamic performance d i f f e r e n c e s  between batches m igh t  
e x i s t .  I t  m igh t  be d e s i r a b l e  t o  run  smal l -sca le  dynamic t e s t s  on samples 
be fo re  u s i n g  a p a r t i c u l a r  sorbent batch. 

The gas s t r i p  shown i n  F igu re  4-40 i n d i c a t e s  a process c a r r i e d  o u t  w i t h  
some d i f f i c u l t y .  T h i s  i s  p robab ly  due t o  the  un favorab le  e q u i l i b r i u m  charac- 
t e r i s t i c s  f o r  gas s t r i p p i n g .  The s t r i p p i n g  o f  C02 i s  much more complete than 
t h a t  observed f o r  water  from molecu la r  s ieve  13X. 

The dimensionless breakthrough curves shown i n  F igure  4-41 show v a r i a -  
t i o n s  due t o  process c o n d i t i o n s  and due t o  the  d i f f e r e n t  sorbent batches. 
Curves A, B, and D show a s l i g h t  dependence on f l o w  ra te .  Th is  v a r i a t i o n  
w i t h  f l o w  r a t e  i s  overshadowed by t h e  v a r i a t i o n  between sorbent  batches, 
curves B and E. The v a r i a t i o n  w i t h  bed temperature, curves B and C, i s  
s l i g h t  and may be due t o  exper imental  inaccurac ies .  The cu rve  f o r  Run 
5A/C02(1/2)-4 f o r  5OoF sorbent  temperature was n o t  p l o t t e d  as i t  was q u i t e  
c l o s e  t o  t h e  7OoF curves, A and 8. 

Adsorp t i on  o f  C02 by Molecu la r  Sieve 13X 

The p r imary  i n t e r e s t  i n  mo lecu la r  s ieve  13X i s  as a des iccant  o r  sorbent  
f o r  the  p r e d r i e r  beds o f  a spacecra f t  C02 removal system. I n  t h i s  use, i t s  
adso rp t i on  o f  C02 i s  n e g l i g i b l e  due t o  the po ison ing  e f f e c t  o f  the  r e s i d e n t  
water load ing .  However, t h e r e  i s  the p o s s i b i l i t y  t h a t  13X might  be cons id -  
e red  as a cand ida te  f o r  t he  C02 removal sorbent.  
pco2, i t  does n o t  have the  e q u i l i b r i u m  c a p a c i t y  o f  5A. 

mm Hg and 7OoF, 5A has 33 percen t  g rea te r  capac i t y .  However, below 2 mm Hg, 
13X i s  n e a r l y  e q u i v a l e n t  t o  5A. Since spacec ra f t  beds operate predominant ly 
i n  the  low load ing  range, 13X migh t  n o t  compare t o o  un favorab ly  t o  5A. I n  
add i t i on ,  i t s  much l a r g e r  pore  ( o r  window) s t r u c t u r e  p o t e n t i a l l y  can produce 
b e t t e r  dynamic performance than 5A. 

Above approximately 2 mm Hg 
For example, a t  7 
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Therefore,  a s e r i e s  of C02 a d s o r p t i o n  t e s t s  on L inde 13X were i n c l u d e d  
i n  the dynamic t e s t  ser ies .  The breakthrough curves f o r  b o t h  the  1 / 2 - i n . - f i n  
and t h e  I - i n . - f i n  beds a r e  shown i n  F igures  4-42 through 4-48. Except f o r  the 
h i g h  f l o w r a t e  run w i t h  the I - i n . - f i n  bed ( F i g u r e  4-48), a l l  o f  t h e  break- 
throughs a r e  o f  good shape. 
loadings a r e  n o t  as l a r g e  as those o b t a i n e d  w i t h  5A. 

As expected from e q u i l i b r i u m  data t h e  developed 

The h i g h  f l o w  r a t e  r u n  (5.31 l b / h r )  w i t h  the I - i n . - f i n  bed, represents  
c o n d i t i o n s  o f  bed geometry and s o r p t i o n  c o n d i t i o n s  which a r e  g e n e r a l l y  un- 
acceptable.  The h e a t - t r a n s f e r  aspects  of the I - in.  f i n  a r e  discussed i n  d e t a i l  
i n  the  f o l l o w i n g  paragraphs. I t  should be n o t i c e d  t h a t  breakthrough i s  r e l a -  
t i v e l y  soon and r e q u i r e s  a r e l a t i v e l y  l o n g  t ime t o  complete. 

COMPARISON OF I/2-INCH AND I - I N C H  FINS 

O f  the th ree  beds c o n s t r u c t e d  f o r  the  dynamic tests,  the  bed c o n t a i n i n g  
the 1/2- inch r e c t a n g u l a r  o f f s e t  f i n  was s e l e c t e d  as the pr imary  t e s t  a r t i c l e ,  
t o  which the o t h e r  beds would be compared. I n  e a r l i e r  development programs 
cons iderab le  data had been ob ta ined w i t h  1/4- inch f i n s .  H e a t - t r a n s f e r  per -  
formance was shown t o  be good, b u t  pack ing d e n s i t y  was n o t  as h i g h  as desired, 
and t h e r e  seemed t o  be a tendency t o  channel ing.  I t  was reasoned t h a t  t h e  
1/2- and I - i n c h  f ins ,  e s p e c i a l l y  o f  the  o f f s e t  v a r i e t y ,  would a l l o w  l e s s  
channeling, b u t  t h e i r  heat  t r a n s f e r  adequacy was quest ioned. To o b t a i n  a t  
l e a s t  a rough idea o f  the  h e a t - t r a n s f e r  performance o f  t h e  l a r g e r  f ins ,  
a hand, r e l a x a t i o n  f i n i  t e - d i f f e r e n c e  computat ion was performed f o r  the  
I - i n c h  f i n .  S i l i c a  gel was chosen as the  sorbent ;  the  c a l c u l a t i o n  was made 
f o r  s teady-s ta te  c o n d i t i o n s  r e p r e s e n t a t i v e  o f  vacuum desorpt ion.  I t  was 
expected these c o n d i t i o n s  would produce the  l a r g e s t  temperature drop i n  the  
pa c ke d bed. 

F igure  4-49 shows the  r e s u l t s  o f  the f i n i  t e - d i f f e r e n c e  computation. Due 
t o  symmetry, the c a l c u l a t i o n  was performed, f o r  a q u a r t e r  o f  one channel 
formed by the  I - i n .  f i n  m a t r i x ,  The maximum temperature d i f f e r e n c e  o f  46OF i s  
much h i g h e r  than desired, and would n o t  a l l o w  e f f i c i e n t  vacuum desorpt ion.  I t  
should be no ted  t h a t  the f i n  e f f e c t i v e n e s s  i s  n o t  l i m i t i n g ;  t h a t  is, the  f i n  
i s  n e a r l y  isothermal .  The l i m i t i n g  f a c t o r  i s  t h e  low bed thermal c o n d u c t i v i t y .  
Under a d s o r p t i o n  c o n d i t i o n s  w i t h  a f l o w i n g  gas, a s l i g h t l y  lower temperature 
drop would be expected. However the  l i m i t i n g  f a c t o r  would s t i l l  be the low 
bed conductance. 

I t  was concluded t h a t  the I - i n c h  f i n  would probably  have poor heat-  
t r a n s f e r  performance. Therefore, the 1 / 2 - i n c h - f i n  t e s t  bed was used f o r  t h e  
b u l k  o f  the exper imental  runs. Several runs were conducted w i t h  the I - i n c h - f i n  
bed f o r  comparat ive purposes. The dimensional breakthrough curves f o r  these 
runs have a1 ready been presented. The f o l  low ing  paragraphs present  compari - 
sons o f  the  performance o f  the  two beds, and some observa t ions  o f  t h e i r  heat-  
t r a n s f e r  performance. 
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Figure  4-50 shows the  comparison o f  d imensionless breakthrough curves 
ob ta ined f o r  water  on L inde 13X molecular -s ieve p e l l e t s  w i t h  t h e  1 / 2 - i n c h - f i n  
bed and t h e  I - i n c h - f i n  bed. The poorer  breakthrough performance o f  the  I - i n c h -  
f i n  bed i s  due s t r i c t l y  t o  h e a t - t r a n s f e r  d e f i c i e n c i e s  o f  t h i s  bed. I n  b o t h  
cases water /  l y c o l  h e a t - t r a n s p o r t  f l u i d  was f e d  t o  t h e  bed c o o l a n t  passages 
a t  '59' t o  60 F, a t  such a r a t e  t h a t  the  temperature r i s e  o f  the  c o o l a n t  was 
less  than ' I 'F .  From the  thermocouples p laced w i t h i n  the  bed i t  was easy t o  

,conclude which bed had the  b e t t e r  h e a t - t r a n s f e r  c h a r a c t e r i s t i c s .  For the  
1 / 2 - i n c h - f i n  bed the t r a v e l i n g  mass-transfer zone was evidenced by temperature 
readings o f  about  18'F above the  c o o l a n t  temperature. 
t h e  temperature excurs ions were 35' t o  40'F above t h e  c o o l a n t  temperature. 
The r e s u l t i n g  s h i f t  w i t h  temperature i n  the sorbent ' s  equi  1 i b r i u m  c a p a c i t y  
causes t h e  breakthrough curve f o r  the  I - i n c h - f i n  bed t o  be l e s s  steep and more 
pro longed than t h a t  f o r  the  bed w i t h  the c loser-spaced h e a t - t r a n s f e r  m a t r i x .  

% 

For the I - i n c h - f i n  bed 

F igure  4-51 shows the same general  behavior  f o r  t h e  a d s o r p t i o n  o f  water  on 
s i l i c a  qe l .  
4' t o  5 F f o r  t h e  1 / 2 - i n c h - f i n  bed and 8' t o  iO°F f o r  t h e  I - i n c h - f i n  bed. 
However, s i n c e  s i l i c a  g e l ' s  s o r p t i o n  capac i ty  f o r  water  i s  much more tempera- 
t u r e  dependent than molecular  s ieve  13X, the  e a r l y  p o r t i o n  o f  the breakthrough 
curve (which i s  the impor tant  c o n s i d e r a t i o n  f o r  ac tua l  spacecra f t  systems) 
i s  much poorer  f o r  t h e  I - i n c h - f i n  bed. 

Here t h e  temperature excurs ions f rom 6OoF a r e  n o t  as n o t i c e a b l e - -  

One o t h e r  p o i n t  can be made t o  show the poorer  performance o f  the  l a r g e r  
f i n .  A1  1 runs w i t h  the I - i n c h - f i n  bed were made w i t h  no c o n t r o l  on the bed 
i n l e t  gas temperature. Thus, the temperature a t  the  bed i n l e t  was g e n e r a l l y  
t h e  same as t h e  l a b o r a t o r y  ambient, about 75OF. 
t rans fer ,  t h e  f i r s t  I O  t o  15 percent  o f  the bed operated above 6OoF. 
contrast ,  w i t h  no i n l e t  temperature c o n t r o l  w i t h  t h e  1 / 2 - i n c h - f i n  bed, u s u a l l y  
a n e g l i g i b l y  smal l  p o r t i o n  o f  the bed was above 6OoF.je The r e s u l t  o f  t h i s  
h i g h e r  temperature r e g i o n  i n  t h e  entrance o f  t h e  I - i n c h - f i n  bed i s  a lower 
o v e r a l l  bed s o r p t i o n  capac i ty .  Indeed, most water  a d s o r p t i o n  runs w i t h  the 
I - i n c h - f i n  bed show m a t e r i a l  balance checks some I O  t o  15 percent  below t h a t  
p r e d i c t e d  by the 6OoF sorbent  equi  1 i b r i u m  capac i ty .  

Because o f  poor bed heat  
I n  

I t  should be noted t h a t  i t  i s  q u i t e  conceivable t h a t  some spacecra f t  
systems would n o t  i n c l u d e  precoo lers  f o r  the a i r s t r e a m  f l o w i n g  t o  a s o r p t i o n  
bed. I n  such cases, i f  isothermal  bed o p e r a t i o n  were desired, the  I - i n c h  f i n  
would be downrated w i t h  respect  t o  c o o l i n g  the a i r s t r e a m  i n  t h e  ent rance 
r e g i o n  o f  the bed. 

F igure  4-52 f o r  C02 a d s o r p t i o n  by L inde 13X shows aga in  the same general  
comparison betwezn the  two beds. Th is  was n o t  e n t i r e l y  expected as the  h e a t  
e f f e c t s  o f  C02 a d s o r p t i o n  a r e  n o t  as much as t h a t  f o r  water  vapor. However, 
excurs ions o f  temperature i n  the  mass- t ransfer  zone were no ted  as h i g h  as 
16OF f o r  the  I - i n c h - f i n  bed. 

* For very h i g h  f l o w  rates,  f o r  example, 5.37 l b / h r  f o r  Run SG/W(1/2)-8, F igure  
4-14, even i n  the 1 / 2 - i n c h - f i n  bed an apprec iab le  entrance r e g i o n  was above 
the 60'F c o o l a n t  temperature. T h i s  l e d  t o  l e s s  sorbent  l o a d i n g  than expected 
i f  the  bed were t r u l y  i so thermal .  
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The conclusion can be made t h a t  when internal  f i n s  a r e  desired, the Ininch 
s i ze  f i n  should not be used. I n  the t e s t  se r ies ,  i t  showed only 1 .7  pet'cetik 
greater  packing density than the 1/2-inch-fin. bed, and t h e  adsorption petfota  
mance was s ign i f i can t ly  and repeatably poorer. Based upon these t e s t s ,  i t  
considered tha t  3/8-inch o f f s e t  f i n s  would a l s o  produce very good 

b u t  temperature excursions i n  the mass-transfer zone would be even 1 

ermal 
performance. The packed bed density would be a l i t t l e  less  t h a n  I /  1 -ihah fins, 
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F i g u r e  4-7. Water Vapor  A d s o r p t i o n  B r e a k t h r o u g h  o n  S i l i c a  Gel; 
Run No. SG/W(1/2)-I 

F i g u r e  4-8 .  Gas S t r i p  of Water from S i l i c a  G e l ,  
Run No. SG/W( I / 2 ) - 2 s  
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Figure 4-9. Water Vapor Adsorption Breakthrough on 
S i l i c a  Gel, Run No. SG/W(1/2)-3 
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Figure 4-10. Gas S t r i p  of Water from S i l i c a  Gel, 
Run No. SG/W( I /2) -4s 
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F igure 471 I .  Water Vapor Adsorption Breakthrough on 
S i l i c a  Gel, Run No. SG/W(1/2)-5 
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Figure 4-12 .  Water Vapor Adsorption Breakthrough on 
S i l i c a  Gel, Run No. SG/W(1 /2 ) -6  
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F i g u r e  4-13. Gas S t r i p  of Water f r o m  S i l i c a  
Run No. SG/W( I /2)-7s 
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F i g u r e  4-14. Water Vapor A d s o r p t i o n  B r e a k t h r o u g h  o n  S i l i c a  G e l ,  
Run No. SG/W(1/2)-8 
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!Figure 4-15. Water Vapor Adsorption Transition on 
Silica Gel, Run No. SG/W(1/2)-8 I 

Figure 4-16. Gas Strip of Water From Silica Gel, 
Run No. SG/W( l/2)-9s 8 
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Figure 4-17. Water Vapor Adsorption Breakthrough on 
S i l i c a  Gel, Run No. SG/W(l)-_I  
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Figure 4-18. Water Vapor Adsorption Breakthrough bn 
S i l i c a  Gel, Run No. SG/W(I)-2 
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F igure 4-21, Water Vapor Adsorption Breakthrough on Linde 13X, 
Run No. 13X/W( l /2) -1 
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Figure '4-22. Water Vapor Adsorption Breakthrough on Linde 13X, 
Run No. I3X/W( I /2) -2 
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F igu re  4-23. Water Vapor Adsorp t ion  Breakthrough on Linde 13X, 
Run No. I3X/W( I /2)  -3 
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F igu re  4-24. Gas S t r i p  o f  Water f rom Linde 13X, Run No. 13X/W( /2) -4s 
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Figure 4-25. Water Vapor Adsorption Breakthrough on Linde 13X, 
Rum NO. I3X/W( I /2)-5 
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F igure  4-26. Gas S t r i p  o f  Water From Linde 13X, 
Run No. I3X/W( I /2)-6s 
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F igure 4-34. C02 Adsorption Breakthrough on Linde 5A, Run No. 5A/CO2(I/2)-3 
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Figure 4-37. C02 Adsorption Breakthrough on Linde 5A, Run No. 5A>CO2(l/2)-6 
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F igu re  4-38. C02 Adsorpt ion Breakthrough on Linde 5A, Run No. 5 ~ / ~ 0 ~ ( 1 / 2 ) - 7  
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Figure 4-39. C02 Adsorpt ion Breakthrough on Linde 5A, Run No. 5 ~ / ~ 0 ~ ( 1 / 2 ) - 8  



8 cu 

Q1 
E 
I- 
.- 

O In 

cu 
\ 

E 
0, 

L L  

cu 
0 
0 

Y- 
O 

Q 

I 
c, 
v) 

.- 

v) m 
c1 

0 
.;f 

I 
.;f 

I19 



e o o o o o  
0 0 0 0 ' 0  
PI m b b b  

? ? ? ? ? ?  
- N C J O N N  

0 

tn 
i- 

u) 

0 

0 

II 
e 
0" 
e .- 
+J 

VI 
VI 
a, 
c 
0 
VI 
0 
Q) 
E 
n 

c 

.- 

.- 

:: 
a, 
TJ 
K 
A' 

x 
9 

0 
0 
Y- 
O 

K 
0 
+J 
a 
I 

.- 

N 

.- 
0, 
-0 a 

z 
h 

ln 
aJ 

S' 
u 
I m 
S 
0 L 
r 
+J 
Y m 
e, 
L 
m 
VI 
ln 
aJ 
K 
0 
VI 
K 
aJ 
E 
c3 

c 

.- 

.- 
- 
l * 
2 
S m 
LL 
.- 

I20 



0. 

c' 

E 
+a 

c 
0 c 
8 0. 
N 

0 

0 I .o 
Time (hrs) 

2.0 

F igu re  4-42. C02 Adsorp t ion  Breakthrough on Linde 13X, Run No. 13X/C02( l / 2 ) - l  

N 
0 

Figure  4-43. C02 Adsorp t ion  Breakthrough on Linde 13X, Run No. 13X/C02(1/2)-2 

121 



0 0.5 I .o 
Time (hrs) 

Figure 2 - 4 4 ,  C02 Adsorption Breakthrough :on Linde 13X, 
Run No. I 3X/C02( I /2) -3 

0 50 

Time (minutes) 

F igure 4-45. C02 Adsorption Breakthrough on Linde 13X, 
Run No. 13X/CO2( 1/2)-4 
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Figure 4-46. C02 Adsorption Breakthrough on Linde 13X, 
Run No. I 3X/C02 ( I /2) -5 
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Figure  4-47. C02 Adsorption Breakthrough on Linde 13X, 
I Run No. 13X/C02(1)-I 
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Figure 4-49. Temperature D i s t r i b u t i o n  (OF) i n  a Desorbing I - i n .  
Channel o f  S i l i c a  Gel 
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SECTION 5 

EVALUATION OF MASS-TRANSFER COEFFICIENTS AND 
INTRAPARTICLE DIFFUSIVITIES 

DEFI N I T I  ONS 

I n  t h i s  sect ion,  va lues  o f  gas-phase mass- t ransfer  c o e f f i c i e n t  K and 
i n t r a p a r t i c l e  d i f f u s i v i  t y  D a re  determined f o r  t h e  s ing le -sorba te  bregkthrough 
t e s t s  presented i n  Sec t ion  4. 

From Reference I ,  the i n t r a p a r t i c l e  d i f f u s i v i t y  f o r  sorbate k i s  de f i ned  
by the  d i f f u s i o n  equat ion  f o r  the i n t e r i o r  o f  a sorbent p e l l e t :  

- =  awk Dk I a r 2  - awk 
a t  r7 S a r  a r  

2 
Dk has the u n i t s  f t  /hr; the  l o c a l  sorbent  l oad ing  W k  i s  i n  the u n i t s  mass o f  
sorbate k per  mass o f  sorbent.  Time t i s  i n  hr ;  r i n  f t  i s  the e f f e c t i v e  
d i s tance  from the  spher 'ca l  p e l l e t  center .  Sorbent p a r t i c l e  dens i t y  p s  i s  i n  
t h e  u n i t s  o f  lb-mass/ f t  4 . 

The gas-phase mass t r a n s f e r  c o e f f i c i e n t  K i s  de f i ned  by the f o l l o w i n g  g r e l a t i o n  express ing the  sorbate f l u x  a t  the sorbent  p e l l e t  boundary: 

The mass- t ransfer  c o e f f i c i e n t  has the u n i t s  o f  lb-moles/hr-ftz-mm Hg; Mk i s  
the molecular  weight  o f  sorba te  k. 
the sorba te  p a r t i a l  pressure a t  t he  sorbent  boundary, mm Hg; xk i s  the 
m o l e f r a c t i o n  o f  sorbate k i n  the  f r e e  stream. 
p a r t i a l  pressure i n  the f r e e  stream, mm Hg. 

The t o t a l  pressure P i s  i n  mm Hg; pks i s  

Note P'xk = p k  the  sorbate 

The mass- t ransfer  c o e f f i c i e n t  i s  a l s o  used i n  the  gas phase m a t e r i a l  
balance i n  the  x -  o r  l o n g i t u d i n a l  f l o w  d i r e c t i o n :  

Here asg i s  the sorbent s p e c i f i c  ex te rna l  sur face  area, sq f t  pe r  u n i t  volume 
of packed bed. M i s  the average molecu la r  we igh t  o f  the process gas; f i s  
the bed v o i d  f rac?ion,  p g  i s  the  gas densi ty,  lb-mass/f t3;  ug i s  the i n t e r -  
s t i t i a l  o r  t r u e  gas v e l o c i t y ,  f t /h r .  
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I t  shou ld  be no ted  from Equat ion 5-3, 
I n  any e v a l u a t i o n  o f  Kg, t he  corresponding 
5-1 presents  severa l  p e r t i n e n t  values, i n c  

TABLE 5- 

t h a t  Kg and asg must b o t h  be known. 
va lue  of a must be given. Table 
u d i  ng  asg, ';sed i n the  eva 1 ua t i ons. 

PARAMETERS USED I N  MASS-TRANSFER COEFF 

~ Pa rame t e  r s  

P a r t i c l e  densi ty,  
p,, l b / f t 3  

Packed densi ty,  
psb> 1b/ft-3 

Surface area pe r  I un i t vo 1 ume, I asg, f t 2 / f t 3  

S i  l i c a -  Gel 
(6 t o  16 
Mesh) 

75.0 

42.96 

575.0 

L inde 5A 
( 1  / 16-i n. 
Pe l  l e t s )  

64.0 

43 e 55 
49.73 

636 0 

METHOD OF DETERMINATION 

:IENT EVALUATIONS 

Davison 5A 
(8 to  12 
Mesh) 

66.4 

42.97 

653 ,, 7 

L inde 13X 
(1/16-in. 
Pe l  l e t s )  

64.0 

41.06 
39.73 

636,O 

~~ 

The method used f o r  the de te rm ina t ion  o f  the  c o e f f i c i e n t s  K and D 
i nvol  ves the  use o f  the performance-predi c t i  on program, S9960, d i  scussed i n 
Sec t ion  7 o f  t h i s  repo r t .  I f  t h i s  program i s  considered t o  be a v a l i d  mathe- 
m a t i c a l  s i m u l a t i o n  o f  t he  ac tua l  bed mass- t rans fer  phenomena, and i f  the t r u e  
va lues  o f  Kg and D a r e  i nc luded  i n  the  program i n p u t  data, the  p r e d i c t e d  per -  
formance should match t h a t  observed. Conversely, i f  a p r e d i c t i o n  matches the  
exper imental  performance, then the  values o f  K and D used by the  program must 
be the  t r u e  values. S ta ted  i n  s imple terms, a q t e r  p roduc ing  a number o f  pe r -  
formance p r e d i c t i o n s  f o r  va r ious  p a i r s  o f  values o f  K and D, the  adopted 
values were those which produced the bes t  f i t  o f  the  p r e d i c t e d  performance 

9 

9 

t o  t h a t  o f  the  exper imental  t e s t .  The judgment o f  the  b e s t  f i t ' w a s  by a v i s u a l  
comparison o f  p r e d i c t e d  and a c t u a l  breakthrough curves. 

I n  o rde r  t o  a i d  the  v i s u a l  comparisons, which a t  t imes were d i f f i c u l t ,  
a sys temat ic  computation and graphing procedure was s e t  up. 
the values o f  mass- t rans fer  c o e f f i c i e n t  and d i f f u s i v i t y  fo r  which performance 
p r e d i c t i o n s  were u s u a l l y  obtained. 
the performance p r e d i c t i o n s  were i n  groupings o f  cons tan t  d i f f u s i v i t y .  For 
each grouping ( t h a t  is, f o r  a cons tan t  va lue  o f  d i f f u s i v i t y )  t he  va r ious  per -  
formance p r e d i c t i o n s  w e r y p l o t t e d  on one graph w i t h  mass-transfer c o e f f i c i e n t  
as a parameter. For convenience, a l l  p r e d i c t i o n s  were p l o t t e d  on xerograph ic  
copies o f  the  exper imental  breakthrough curve. For each p l o t ,  o r  f o r  each 

Tab le  5-2 shows 

I t  shou ld  be no ted  from the  t a b l e  t h a t  
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TABLE 5-2 

VALUES OF MASS-TRANSFER COEFFICIENT K AND DIFFUSIVITY D 
9 

USED I N  EVALUATIONS 

Kg 
Mass -Trans f e r  Coef f i c i en t, 

( 1 b-mo 1 e/ h r - f t -mmHg 
2 

0.00025 

0 0005 

0.001 

0.005 

0.0001 

0 00025 

0 0005 

0.001 

0.005 

0.000 I 
0.00025 

0.0005 

0.OOl 
0.005 

0,0001 

0.00025 

0,0005 

0.001 

0,005 

0,0001 

0.00025 

0.0005 

0.001 

0.005 I 

DI f f u s i v i  ty, D 

(f t2 /hr )  

0 000004 

~ 

0 0 0000 I 

0 00004 

0.0001 

0.001 
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grouping, the best  value of mass-transfer coe f f i c i en t  was se lec ted  and a repre- 
sen ta t ive  curve drawn. Sometimes t h i s  curve was drawn prec ise ly  through the . 
predicted points .  I n  o ther  cases, the best  curve was drawn by visual i n t e r -  
polat ion between predicted curves, in te rpola t ing  w i t h  respect t o  K F i n a l l y ,  , 

for  a1 1 f i v e  values of d i f fus iv i  ty ,  the best  breakthrough curves were compared, 
and  a t en ta t ive  se lec t ion  of mass-transfer coe f f i c i en t  and d i f fus iv i  t y  was 
made. 

9' 

For a l l  evaluations presented here, the bed was broken in to  20 f i n i t e -  
difference elements i n  the flow d i rec t ion .  For ea r ly  computations, a s  many a s  
6 i n t e rna l -pa r t i c l e  f i n i  te-difference elements, t h a t  is, up  t o  s i x  radial  
layers,were considered f o r  ca lcu la t ion  of diffusion i n  the p e l l e t .  However, 
i t  became evident t ha t  the best  predict ions occurred for  l a  values of d i f -  
fus iv i  t y  which produce very smal 1 loading gradients  w i t h i n  
Therefore, the number of sorbent f in i t e -d i f f e rence  elements was reduced t o  two. 
This produced d i s t i n c t  savings i n  computer time. For most o f  the adsorption or 
gas s t r i p s ,  about 4-1/2 minutes of computer time was required on a Univac 1108 
system t o  process the K /D s e t s  given i n  Table 5-2. In some cases, computa- 
t ions for  lower or  intermediate values o f  K were made i n  addi t ion t o  those of 
Table 5-2. 

sorbent p a r t i c l e .  

g 
g 

DISCUSSION OF EVALUATION RESULTS 

Sampl e Eva 1 uat i on 

Figure 5-1 shows predicted points for  R u n  No. 13X/CO2(1/2)-2. The pre- 
d ic t ions  for  t h i s  r u n  a r e  typical i n  many aspects  t o  a l l  of the other  evalua- 
t ions  for  adsorpt ions.  F i r s t ,  a t  low d i f fus iv i  t i e s  (0.000004 and 0.00001 

does the accurac3 of ?he predict ion.  Usually the best  predict ion is  obtained 
for  D = 0.001 f t  /h r .  W i t h  t h i s  d i f fus iv i ty ,  the computed sorbent loadings 
( p a r t  of Che pr inted output of the program) show e s s e n t i a l l y  no radial  var ia-  
t i on ;  t ha t  is ,  the ca lcu la ted  resis tance t o  diffusional  sorbate  t r ans fe r  w i t h i n  
the p e l l e t  i s  so small t ha t  no concentration o r  loading gradient  i s  developed. 
The same is e s sen t i a l ly  t rue  for  D = 0.0001 f t 2 / h r .  

f t  2 / h r )  no value of K gives a good predict ion.  As d i f f u s i v i t y  increases, so 

One m i g h t  conclude a t  t h i s  point tha t  d i f fus ion  w i t h i n  the sorbent i s  
negl ig ib le  and a l l  of the mass-transfer res i s tance  is  i n  the convective t rans-  
f e r  from the f r ee  stream to  the sorbent surface.  This w i l l  be discussed i n  
more de ta i l  l a t e r .  

A second observa Lion i s  t h a t  Kg does have a d e f i n i t e  influence on curve 
shape. The dependence of Kg is not, however, l inear .  For example, using the 
D = 0.001 f t 2 / h r  p lo t  of Figure 5-1, there i s  a marked difference between the  
Kg = 0.0001 curve and the K = 0.00025 curve. On the other  hand, the d i f f e r -  
ence between Kg = 0.0005 an% K = 0.001 i s  not a s  g rea t .  
remembered when considering the tabled r e s u l t s  presented l a t e r  i n  t h i s  sect ion.  
In e f f ec t ,  there  i s  a range of Kg t h a t  w i l l  give a good predict ion.  
Figure 5-1, D = 0.001, the best  curve was estimated t o  be fo r  Kg = 0.00037 

This should be 

For 

9 

, 
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(midway between 0.00025 and 0.0005). However, considering experimental 
accurac.ies i n  both the dynamic data, and i n  t h e  equilibrium data which the 
programs use, t h e  range of K from 0.00015 t o  0.0007, o r  possibly h i g h e r ,  
would produce s a t i s f a c t o r y  pyedi  c t i ons . 1 ,  

A t h i r d  observation typical of almost a l l  cases, i s  t h a t  the value of Kg 
t ha t  f i t s  the ea r ly  breakthrough t e s t  does no t  f i t  the en t i  re  breakthrough 
shape as w e l l .  
f o r  each run:  one pa i r  f o r  t h e  b e s t  curve shape and another pa i r  f o r  t h e  
best approximation of t h e  e a r l y  breakthrough performance. 

Because of t h i s ,  two pa i r s  o f  K /D values were determined 9 

A fourth observation was usually made, although the i l l u s t r a t e d  run does 
not show t h i s  wel l .  I n  several cases, no matter what value of K was used, 
the predicted curves were displaced i n  time from the experiments? curve. 
is ,  t h e  predicted breakthroughs were e a r l i e r  or  ' l a t e r  than the experimental. 
In most cases, the o f f s e t  i n  time was i n  accord w i t h  t h e  material  balance 
e r ro r  between ca lcu la ted  (from experiment) and equi 1 i b r i u m  sorbent capacit ies.  
I f  the ca l cu la t ions  for  a dynamic t e s t  showed grea te r  sorbate  pickup than 
equi 1 i b r ium,  the predicted breakthrough curves would be  e a r l i e r  than the 
experimental ; i f  l e s s  capacity than equi 1 i b r i u m ,  p red ic t ions  would appear 
l a t e r .  Since i t  was usually considered t h a t  e r r o r  i n  the measurement of the 
temperature level of the bed was the cause of the problem, giving more or  
l e s s  capacity than expected, b u t  not appreciably a l t e r i n g  the real values of 
Kg or D, i t  was decided t h a t  curve shape was the most important evaluation 
c r i t e r i o n  fo r  determining Kg: 

That 

I t  would be possible  tojelirninate the o f f s e t  between predicted curves 
and experimental by appropriately choosing e f f e c t i v e  bed temperature and u s i n g  
the equilibrium isotherm corresponding to  i t .  This was not done, however, a s  
i t was considered un jus t i f i ed . .  

The predic t ions  fo r  gas s t r i p s  showed 1 i t t l e  var ia t ion  w i t h  d i f f u s i v i t y  
and only s l  i g h t  var ia t ion  w i t h  K The var ia t ion  w i t h  K occurred i n  the  very 
ear ly  portion of the s t r ipp ing  procedure; l a t e r  i n  the gas s t r i p ,  curves for  
a l l  values of  Kg tended to  coincide.  Most of t h e  p red iz t ions  tended to show 
more ul t imate  desorption (higher o u t l e t  concentrat ion)  than the experiments. 
I t  i s  believed t h i s  i s  due t o  the inaccuracies i n  the equilibrium data for  
very low pa r t i a l  pressures.  

9' 9 

Accuracy of the Procedure 

There a r e  k~ number of areas  where t h i s  method of mass-transfer coe f f i c i en t  
evaluation is vulnerable t o  inaccuracies i n  data and technique. Obviously, 
any inaccuracy i n  the dynamic t e s t s  w i l l  lead t o  s c a t t e r  i n  resu l t ing  values 
of Kg and D. These inaccuracies have been discussed before, bed temperature 
determination being a key parameter. I 

1 

I 

Accuracy of the en t i  re equi 1 i b r i u m  isotherm i.s important. The predicted 
performance depends on the e n t i r e  isotherm, not j u s t  the value corresponding 
t o  bed i n l e t  conditions.  In th i s  regard, several r u n s  were subjected t o  the 
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e v a l u a t i o n  procedure w i t h  d i f f e r i n g  e q u i l i b r i u m  iso therm shapes, b u t  w i t h  
e s s e n t d a l l y ' t h e  same t o t a l  bed capac i t y .  The r e s u l t s  showed t h a t  p r e d i c t e d  
breakthrough o f f s e t  and curve  shape a r e  s i g n i f i c a n t l y  changed by iso therm 
shape. 
a b l e  e q u i l i b r i u m  data, most o f  which i s  g i v e n  i n  Sec t ion  3 .  

The values o f  Kg and D g i ven  he re .a re  based upon the  c u r r e n t l y  a v a i l -  

The numerical procedure used by the  program can a l s o  i n t roduce  inaccuracy 
i n t o  the e v a l u a t i o n  procedure. I n v e s t i g a t i o n s  showed t h a t  by v a r y i n g  t h e  
f i n i t e - d i f f e r e n c e  size, t h a t  is; v a r y i n g  the  number o f  f i n i t e - d i f f e r e n c e  e l e -  
ments i n t o  which the  bed i s  div ided, s l i g h t l y  d i f  e ren  t p r e d i  c t e d  breakthrough 
curves cou ld  be obtained. Furthermore, these d i f f e r e n t  breakthrough curves 
d i d  n o t  always r e s u l t  i n  the  same amount o f  sorba te  m a t e r i a l  be ing  l e f t  on the  
bed. I n  some instances, t he  m a t e r i a l  balance comparison between e q u i l i b r i u m  
data and the  c a p a c i t y  ob ta ined  from the  p r e d i c t e d  curve  was n o t  as good as the  
comparison made w i t h  the  exper imenta l#  data.  As noted  e a r l i e r  20 l o n g i  t u d i -  
n a l  f i n i t e - d i f f e r e n c e  elements were used f o r  a l l  computations. The magnitude 
of the  t i m e  s t e p  was a l s o  impor tan t .  Small t ime  steps tend t o  produce more 
accura te  p r e d i c t i o n s ;  b u t  consume more computer t ime. For t h e  eva lua t ions ,  
the  t ime s t e p  i n  the  range o f  0.01 hr  t o  0.025 hr, was chosen t o  be as l a r g e  
as p o s s i b l e  w h i l e  s t i l l  g i v i n g  good accuracy. 

1 
4 i Presen ta t i on  o f  Resu l t s  

Tables 5-3 through 5-6 present  the r e s u l t s  and observa t ions  o f  the  mass- 
t r a n s f e r  c o e f f i c i e n t  eva lua t i ons  conducted f o r  the s ing le -so rba te  t e s t s  on the  
1 / 2 - i n c h - f i n  bed presented, i n  Sec t ion  4 .  
va r i i a t i ons  no ted  i n  a l l  o f  the I - i n c h - f i n  bed tes ts ,  no eva l -ua t ions  were per -  
formed on the  dynamic t e s t s  conducted w i t h  t h i s  bed. Run c o n d i t i o n s  a r e  no ted  
i n  the  e v a l u a t i o n  t a b l e s  t o  h e l p  i n  the assessment o f  trends, i f  any. 

Because o f  t he  l a r g e  temperdture 

I t  i s  n o t  d i f f i c u l t  t o  see t h a t  the  bes t  p r e d i c t i o n s  a r e  almost always 
ob ta ined f o r  a very  h i g h  va lue  o f  d i f f u s i v i t y  (0.001 o r  0.0001 f t 2 / h r ) .  
such d i f f u s i v i  t y  values, t h e r e  i s  e f f e c t i v e l y  no res i s tance  t o  d i f f u s i o n a l  
mass t r a n s f e r  i n  the  sorbent p a r t i d e ,  and thus  no l oad ing  g r a d i e n t  i s  developed 
w i t h i n  the  sorbent. 
n o t  used f o r  s i l i c a - g e l  eva lua t i ons .  But  as can be seen from the  o the r  tables, 

2 the r e s u l t s  f o r  D = 0.001 and 0.0001 f t  / h r  a r e  u s u a l l y  n e a r l y  i d e n t i c a l .  

W i th  

I t  shou ld  be no ted  t h a t  t he  va lue  o f  D = 0.001 f t 2 / h r  was 

I n  no system does t h e r e  seem t o  be a c l e a r  r e l a t i o n s h i p  o f  K upon f l o w  
ra tes .  Even though the  dimensionless curves seem t o  i n d i c a t e  weaz f l o w - r a t e  
dependency, the  s c a t t e r  o f  the  mass- t rans fer  c o e f f i c i e n t s  i s  l a r g e  enough t o  
mask the  e f f e c t .  
dependence, b u t  the number o f  runs and the  f l o w  r q t e  v a r i a t i o n  i s  n o t  l a r g e  
enough t o  s u b s t a n t i a t e  t h i s .  

I n  Qhe 13X/CO2 runs the re  seems t o  be a s l i g h t  f l o w  r a t e  

For the  5A/C02 runs, the  b e s t  Kg va lues ' ,a re  n o t  c o n s i s t e n t  w i t h  f l o w  r a t e  
e i t h e r .  
one migh t  conclude t h a t  Run 6, f o r  the  very  low f l o w  o f  0.5 1b/hr, does show a 
lower va lue  o f  K which i s  due t o  a f l o w  r a t e  e f f e c t .  
values f o r  Runs 3 and 8, as we1 1 as the  two Davison 5A runs, the  f l o w  r d t e  
dependence i s  unce r ta in .  

I g n o r i n g  Runs 5A/C02(1/2)-7 and -8, f o r  the  second pack ing  o f  t he  bed, 

However, n o t i n g  the  Kg 
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For the  water adsor t i o n s  o n  s i l i c a  ge l  and molecu la r  s ieve  13X, u s i n g  
d i f f u s i v i t y  D = 0.001 f t  f /hr, one va lue  o f  K can be chosen f o r  each sorbent 
t h a t  w i  1 1  g i v e  good performance p red ic t i ons .g  These values a r e  0.0004 lb-mole/ 
hr-ft2-mrn Hg f o r  s i l i c a  ge l  and 0.0002 f o r  mo lecu la r  s ieve  13X. 

For the C02 adso rp t i ons  on L inde 5A and 13X, the  s c a t t e r  o f  Kg va lues  i s  
l a r g e  enough t h a t  i t  appears f rom the e v a l u a t i o n  t a b l e s  t h a t  no one si 'ngle 
va lue  can be used t o  produce acceptab le  p r e d i c t i o n s .  
the  r e s u l t s  o f  t he  mass- t rans fer  c o e f f i c i e n t  evaluat ions,  F igures  5-2 and 5-3 
were prepared showing the  range o f  K 
a b l e  p r e d i c t i o n s  f o r  the  C02 adsorp t ions .  For ISX/C02 adsorp t ions  F i  u r e  5-3 

which can be used t o  produce good p r e d i c t i o n s  over the  range o f  exper imental  
cond i t i ons .  

To h e l p  i n  v i s u a l i z i n g  

f o r  D = 0.001 f t 2 / h r ,  which g i v e  accept-  g ' 
i n d i c a t e s  t h a t  t h e r e  i s  a s i n g l e  va lue  o f  K (= 0.00025 lb -mo le /h r - f t  3 -mm Hg) 

9 

However, f o r  the  %/e02 adso rp t i ons  no one va lue  seems s u f f i c i e n t .  

The problem l i e s  i n  the  second s e t  o f  L inde 5A runs (Runs 7 and 8) and 
the  two Davison 5A tests,  The sorbent  m a t e r i a l s  used i n  these runs may have 
had r e s t r i c t e d  pore  networks, h i n d e r i n g  i n t e r n a l  d i f f u s i o n .  To t e s t  t h i s  
assumption, a number o f  p r e d i c t i o n s  were made f o r  K9 = 0.0004, w h i l e  v a r y i n g  
d i f f u s i v i t y  ove r  a cons iderab le  range. That i s ,  us ing  a mass- t rans fer  c o e f f l -  
c i e n t  t h a t  i n  combinat ion w i t h  a h i g h  d i f f u s i v i t y  seemed t o  g i v e  good r e s u l t s  
f o r  o t h e r  tes ts ,  i t  was quest ioned whether a low d i f f u s i v i t y  va lue  e x i s t e d  
which c o u l d  g i v e  good p r e d i c t i o n s  f o r  t he  runs i n  quest ions.  I t  was found 
t h a t  no d i f f u s i v i t y  va lue  coupled w i t h  K = 0.0004 gave, r e a l l y  good p r e d i c -  

the combinat ion Kg = 0,0004, D = 0.000015 g ives  a reasonable p r e d i c t i o n  o f  
the  breakthrough end p o i n t s  f o r  the  L i n d e  5A/C02 Run No. 7. 

t i o n s ;  the  cu rve  shapes were d e f i n i t e l y  i i s t o r t e d .  I f  shape i s  ignored, 

The p o s s i b i l i t y  o f  channe l ing  i n  these t e s t s  was considered. If t h i s  
were the  cause o f  t he  poorer  breakthroughs, lower e f f e c t i v e  I( values would 
indeed have t o  be used i n  the  p r e d i c t i o n s .  However, t he re  i s  no evidence t o  
show t h a t  channe l ing  caused the  poorer  breakthroughs i n  e i t h e r  o f  these t e s t s  
o r  t he  subs tan t i a t i ng ,  n e a r l y  i d e n t i c a l ,  reruns made f o r  each system. The 
second pack ing  o f  L inde 5A m a t e r i a l  i n  the  1 /2 - i nch - f i n  bed r e s u l t e d  i n  a 
l a r g e r  q u a n t i t y  o f  sorbent be ing  h e l d  i n  the bed than i n  the  f i r s t  s e t  o f  runs. 
Thus, i t  would be expected the re  would be l ess  channeling, r a t h e r  than more. 
W i th  rega rd  t o  the  runs w i t h  Davison 5A, i t  was observed t h a t  t h e  sorbent 
beads packed very  w e l l  i n  the  bed. Here too  channe l ing  was expected t o  be 
i ns i gn i f i can t . 

9 

I t  was concluded t h a t  f o r  t he  5A/C02 t e s t s  no one mass- t rans fer  c o e f f i -  
c i e n t  va lue  c o u l d  produce acceptab le  p r e d i c t i o n s  over the  e n t i r e  range o f  
exper imental  cond i t i ons .  
mole/hr-ft2-mm Hg m u s t  be considered. Possibly, i n d i v i d u a l  t e s t s  on sorbent 
samples m igh t  be r e q u i r e d  t o  p i n p o i n t  the va lue  o f  K Table 5-7 
con ta ins  recommended va lues  o f  mass-transfer c o e f f i c i e n t  and i n t r a p a r t i c l e  
d i f f u s i v i t y  f o r  a l l  o f  t he  systems s tud ied  i n  t h i s  program. 

Therefore,a range o f  Kg from 0.0002 t o  0.0004 l b -  

t o  be used. 9 
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TABLE 5-7 

RECOMMENDED VALUES OF MASS-TRANSFER COEFFICIENT Kg AND 

DIFFUSIVITY D TO BE USED I N  PERFORMANCE PREDICTION PROGRAMS 

system 

S i  1 ica-Gel/water 
(Davison Grade 05) 

L inde I3X/Water 
(1/16- inch p e l  l e t s )  

L inde 5A 
(1/16- inch p e l  l e t s )  

Davison 5A 
( 8  t o  12 mesh beads) 

L inde 13X/C02 

(1/16-inch p e l  l e t s )  

2 
( lb-moles/hr- f t  -m Hg) 

0 0004 

0.0003 
f o r  some conserva t i sm 

0.0002 

0.0002 t o  0.0004 

0.00025 

D 

( f t 2/h r ) 
~ ~~ 

0,001 o r  0,0001 

0.001 o r  0.0001 

0.00 I 

0.001 

0.001 

Mass-Transfer C o e f f i c i e n t s  and D i f f u s i v i t i e s  
P red ic ted  from Publ ished C o r r e l a t i o n s  

I n  o rder  t o  o f f e r  some j u s t i f i c a t i o n  o f  t he  values ob ta ined i n  t h i s  study, 
mass- t ransfer  c o e f f i c i e n t s  Kg were c a l c u l a t e d  from two pub1 ished c o r r e l a t i o n s :  
one recommended by Vermeulen (Reference 7 )  and the  o the r  due t o  L i g h t f o o t  
(Reference 5) a s  used by Lee and Cummings (Reference 6). Using a mean spher i -  
ca l  p a r t i c l e  diameter o f  0.008 f t  f o r  1/16-i.n. L inde molecular  s ieve  p e l l e t s ,  
and c o n d i t i o n s  f o r  2.4 l b /h r  C02 adsorp t ions  i n  the  1 /2 - inch - f i n  bed bo th  
c o r r e l a t i o n s  gave values i n  the range 0.0015 t o  0.0025 lb-rnole/hr-fte-mm Hg. 
These values a re  somewhat h igher  than the recommended values g iven i n  Table 
5-7. However, as can be seen from F igure  5-1, the e f f e c t  on the breakthrough 
o f  us ing  the h ighe r  Kg va lues i n  t h i s  range i s  n o t  as g r e a t  as m igh t  be ex- 
pected. I t  should be noted, t h a t  the recommended values i n h e r e n t l y  i nc lude  
the e f f e c t s  o f  any channel ing i n  the f i n n e d  bed, and the  non- isothermal condi -  
t i o n s  i n  the  mass- t ransfer  zone. Both o f  these nonideal  c o n d i t i o n s  tend t o  be 
de t r imenta l  t o  the  breakthrough performance; i t i s  considered t h a t  the tempera- 
t u r e  v a r i a t i o n s  i n  the mass- t ransfer  zone a r e  by f a r  the  most impor tant .  With 
the program computations, the  o n l y  way t o  compensate f o r  these e f f e c t s  on the  
breakthrough curve i s  t o  use a lower e f f e c t i v e  va lue  o f  K 

9' 
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From a recen t  adso rp t i on  NTU (number o f  t r a n s f e r  u n i t s )  c o r r e l a t i o n  by 
Vermeulen (Reference 7) ,  i t  appears t h a t  the  adso rp t i ons  o f  t h i s  program a re  
zha rac te r i zed  as be ing  c o n t r o l l e d  by a combinat ion o f  a x i a l  d i s p e r s i o n  and 
ex te rna l  t ranspor t .  That is, from the  f l o w  P e c l e t  number and the  dimension- 
l e s s  NTU parameter, data p o i n t s  f o r  the  experiments o f  t h i s  program f a l l  on 
the  c o r r e l a t i o n  p l o t  g e n e r a l l y  between the  reg ions  o f  a x i a l  d i s p e r s i o n  c o n t r o l -  
l i n g  and e x t e r n a l  t r a n s p o r t  c o n t r o l l i n g . *  

T h i s  b r i n g s  up a t o p i c  n o t  y e t  discussed, t h a t  o f  a x i a l  d i spe rs ion .  The 
mathematical model i n  the  per fo rmance-pred ic t ion  programs does n o t  i nc lude  the 
e f f e c t s  o f  a x i a l  d ispersion, i.e., the  d i f f u s i o n a l  f l o w  o f  sorbate f rom the  
f r o n t  o f  t he  bed toward the  rea r  which i s  caused by the  concen t ra t i on  g r a d i e n t  
developed across the bed due t o  the  adso rp t i on  on to  the  s o l i d  sorbent. For 
those f a m i  1 i a r  w i t h  heat-exchanger design, a x i a l  d i spe rs ion  d i f f u s i o n a l  e f f e c t s  
can be cons idered analogous t o  a x i a l  o r  l o n g i t u d i n a l  conduct ion  e f f e c t s  on 
h i g h  e f f e c t i v e n e s s  ( h i g h  NTU) exchangers. I f  one were t o  t e s t  a heat exchanger 
c o n t r o l l e d  by l o n g i t u d i n a l  conduct ion  e f f e c t s ,  and were t o  subsequently c a l -  
c u l a t e  from these t e s t s  h e a t - t r a n s f e r  c o e f f i c i e n t s  u s i n g  s imp le  heat-exchanger 
theory  which ignores these impor tan t  ef fects,  the  e f f e c t i v e  c o e f f i c i e n t  va lues  
would be lower than those p r e d i c t e d  by well-known c o r r e l a t i o n s .  T h i s  would 
a l s o  be the  case--as evidenced here- -w i th  adso rp t i on  bed experiments where 
a x i a l  d i s p e r s i o n  i s  important.  Again, t he re  seems t o  be j u s t i f i c a t i o n  f o r  the  
Kg values be ing  eva lua ted  lower than pub l i shed  c o r r e l a t i o n s .  

W i th  regard  t o  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i  t y  f o r  mo lecu la r  sieves, 
t he re  i s  phys i ca l  reasoning t o  b e l i e v e  t h a t  h i g h  D values and low load ing  
g rad ien ts  would r e s u l t  from the  per fo rmance-pred ic t ion  eva lua t i ons .  Th is  
c o n t e n t i o n  r e l a t e s  t o  the  makeup o f  mo lecu la r -s ieve  p e l l e t s ,  where 3 p, c r y s t a l -  
l i t e s  ( t h e  a c t i v e  sorbent p a r t i c l e s )  a r e  suspended i n  a -porous  c l a y  m a t r i x .  
I d e a l  ly, the  m a t r i x  w i  1 1  have negl i g i  b l e  d i f f u s i o n  res i s tance ;  therefore,  t he  
o n l y  r e s i s t a n c e  would be i n  the  ve ry  small  c r y s t a l l i t e s .  Since ttk program 
computes pore d i f f u s i o n  on the  bas i s  o f  e f f e c t i v e  spher i ca l  sorbent granules 
which have a mean diameter o f  the same magnitude a s  the ac tua l  p e l l e t  dimen- 
sions, the  d i f f u s i o n  r e s i s t a n c e  o f  the c r y s t a l l i t e s  would n o t  be handled p ro -  
p e r l y .  I t  would then be expected t h a t  on the  b a s i s  o f  the pe l e t  diameter, 
t he  i n t r a p a r t i c l e  d i f f u s i o n  res i s tance  would appear t o  be neg i g i b l e .  There- 
fore, h i g h  d i f f u s i v i t y  values would r e s u l t .  

I n  a c t u a l i t y ,  bo th  the  c l a y  b inde r  m a t r i x  and the  molecu a r  s ieve  c r y s t a l -  
l i t e s  have some f i n i t e  r e s i s t a n c e  t o  i n t r a p a r t i c l e  d i f f u s i o n .  A t  the  p resen t  
time, l i t t l e  has been done i n  the  adso rp t i on  f i e l d  i n  the  area o f  model ing 
the  d i f f u s i o n  phenomena i n  sorbents, such as molecu la r  sieves, which possess 
bi-modal pore-s ize  d i s t r i b u t i o n s .  Previous exper imental  work conducted a t  
AiResearch (Reference 8 ) ,  has shown an e f f e c t  o f  g r o s s - p a r t i c l e  size, comparing 
the performance o f  1/8-inch t o  1/16-inch p e l l e t s .  T h i s  work would then i n d i -  
ca te  t h a t  t h e r e  i s  a t  l e a s t  some d i f f u s i o n a l  r e s i s t a n c e  i n  the  c l a y  m a t r i x  o f  

* The NTU i s  c a l c u l a t e d  accord ing  t o  the  r e l a t i o n s  g iven i n  Reference 7. I t  
invo lves  the  mid-he igh t  s lope o f  t h e  dimensionless breakthrough curve. A 
t y p i c a l  NTU va lue  i s  52. 

I45 



t he  l a r g e r  p a r t i c l e s .  T h i s  i s  e s s e n t i a l l y  t he  reason, t h a t  f o r  spacecraf t  
uses, the  1/16-in. p e l l e t s  have been chosen; from the  data presented here, i t  
seems the d i f f u s i o n a l  r e s i s t a n c e  w i t h i n  the  sma l le r  pe l  l e t s  i s  n e g l i g i b l e .  

I n  summary, i t  appears t h a t  t he  1/16-in. mo lecu la r  s ieve  p e l l e t s  and the 
6 t o  16 mesh s i l i c a  ge l  p a r t j c l e s  have o n l y  s l i g h t  i n t r a p a r t i c l e  d i f f u s i o n  
resistance, and h i g h  va lues  o f  d i f f u s i v i t y  should be used i n  performance 
p r e d i c t i o n  programs. The recommended mass-transfer c o e f f i c i e n t  values i n  
Table 5-7 should p r o v i d e  good p r e d i c t i o n s  f o r  spacec ra f t  sorbent beds. The 
recommended mass- t rans fer  c o e f f i c i e n t  values appear somewhat low compare 
t o  pub1 i shed  c o r r e l a t i o n s ;  however, nonuni form bed temperature, and a x i a l  
d i s p e r s i o n  e f f e c t s ,  as w e l l  as channe l ing  e f f e c t s ,  i f  any, a r e  n o t  cons idered 
i n  the  per fo rmance-pred ic t ion  program's mathematical model and t h e r e f o r e  cause 
e f f e c t i v e  K va lues  t o  be lower than the  c o r r e l a t i o n s .  

g 
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SECTION 6 

COADSORPTION DYNAMIC MASS-TRANSFER TESTS 

GOALS 

The e f f e c t  on the  e q u i l i b r i u m  c a p a c i t y  o f  mo lecu la r  s ieves  f o r  coadsorbed 
gases and vapors has been discussed i n  Sec t i on  3. Although the  coadsqrp t ion  
e q u i l i b r i u m  data presented  i n  t h a t  s e c t i o n  i s  c e r t a i n l y  n o t  a l l  i nc lus i ve ,  
t h i s  i n f o r m a t i o n  p rov ides  a q u a n t i t a t i v e  bas i s  f o r  more de ta i  l e d  analyses than 
were p r e v i o u s l y  poss ib le .  However, t h i s  da ta  does n o t  p r o v i d e  i n s i g h t  as t o  
p o s s i b l e  dynamic e f f e c t s  accompanying t h e  coadsorp t ion  o f  two o r  more sorbates. 
One o f  the goa ls  o f  t he  program was t o  p r o v i d e  i n f o r m a t i o n  on the  dynamic 
behav io r  o f  mo lecu la r  s ieves  when CO and wa te r  sorba tes  a r e  b o t h  involved. 2 

For spacec ra f t  mo lecu la r -s ieve  C02-removal systems, two modes o f  coad- 
s o r p t i o n  o f  C02 and water  a r e  o f  i n t e r e s t .  
bed where apprec iab le  q u a n t i t i e s  o f  b o t h  C02 and water  a r e  conta ined i n  the  
gas stream. The second mode concerns the  C02-removal bed; i t  invo lves  v e r y  
small  water-vapor concen t ra t i ons  i n  the  gas stream, b u t  w i t h  app rec iab le  
r e s i d e n t  load ings  o f  water. The f i r s t  coadsorp t ion  mode i s  n o t  cons idered 
t o  be v e r y  impor tan t .  U s u a l l y  t he  assumption i s  made t h a t  the  presence o f  
C02 has no e f f e c t  on the  p r e d r i e r  bed. 
of data t o  support  t h i s  assumption, a t  l e a s t  f o r  design purposes. Consequently 
o n l y  a few dynamic runs o f  t h i s  t e s t  s e r i e s  i n v o l v e  t h i s  coadsorp t ion  mode. 

One mode invo lves  the  p r e d r i e r  

There a l ready  i s  a reasonable amount 

O f  much g rea te r  importance, i s  t he  e f f e c t  o f  a r e s i d e n t  l oad  o f  water  
on the  C02 adsorp t i on  process. Therefore, a good deal o f  t e s t  t ime i n  t h i s  
program was devoted t o  dynamic t e s t s  i n v o l v i n g  t h i s  coadsorp t ion  mode. 

SIMULTANEOUS COADSORPTION OF C02 AND WATER ON MOLECULAR S I E V E  13X 

Two dynamic t e s t s  were conducted which represent  the f i r s t  adso rp t i on  
h a l f - c y c l e  o f  a p r e d r i e r  bed w i t h  bo th  C02 and water  vapor i n  the  n i t r o g e n  
c a r r i e r  gas. The C02 g a r t i a l  p ressure  was 7 mm Hg; the  water  p a r t i a l  p res-  
sure was 9.2 mm Hg (50 F dew p o i n t ) ;  and the t o t a l  p ressure  was e s s e n t i a l l y  
7.0 ps ia .  The sorbent i n  bo th  cases was Linde 13X i n  the  form o f  1/16-in. 
p e l l e t s .  Two runs were conducted; one i n  the 1 / 2 - i n c h - f i n  bed, and one i n  the 
I - i n c h - f i n  bed. 
and water  load ings  on the sorbent t o  n e g l i g i b l e  values. Both  runs were 
cont inued u n t i l  the breakthrough o f  b o t h  sorbates was complete. 

Both  runs were preceded by a vacuum bakeout reduc ing  C02 

F igures  6-lje through 6-4 show the water and C02 breakthroughs. The 
po ison ing  o f  the bed i s  d r a m a t i c a l l y  i 1 l u s t r a t e d  by the  C02 breakthroughs. 
Immediately a f t e r  the  C02 breakthrough i s  complete, C02 removal f rom the  bed 
commences and cont inues  u n t i l  i t  i s  a l l  s t r i p p e d  o f f .  For the  t e s t  w i t h  t he  

# Due t o  the l a r g e  number o f  f igures ,  they a r e  i nc luded  f o r  convenient r e f -  
erence a t  t he  end o f  t h i s  sec t ion .  
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1 /2 - inch - f i n  bed, the C02 e f f l u x  (as determined by an i n t e g r a t i o n  over the  
t e s t  pe r iod )  matches the  i n f l u x  w i t h i n  1.2 percent ;  f o r  the I - i n c h - f i n  bed, 
C02 e f f l u x  and i n f l u x  matched w i t h i n  I percent .  Thus, there  i s  no n e t  C02 
r e t e n t i o n  by the bed. On the o the r  hand, the water  capac i t y  i s  unhindered 
by the presence of C02. I n  the  1 /2 - inch- f in  bed test ,  the c a l c u l a t e d  sorbent 
l oad ing  i s  0.257 l b  H20/lb sorbent, which i s  w i t h i n  2.2 percent  o f  t h a t  pre-  
d i c t e d  by equi 1 i b r i u m  data.  

To emphasize the  con ten t i on  t h a t  t e i s  1 . i t t l e  e f f e c t  on the water 
adso rp t i on  due t o  the  presence o f  "C02, data f rom s i m i l a r  s ing le -sorba te  t e s t s  
(water  on 13X f rom Sect ion  4) have been superimposed on the  water  breakthrough 
curves. For the 1 /2 - i nch - f i n  bed test ,  where temperatures were r e l a t i v e l y  
e a s i l y  con t ro l l ed ,  the  two water  breakthroughs a r e  q u i t e  c lose  together .  The 
d e v i a t i o n  between the  two I - i n c h - f i n  water  breakthroughs i s  f e l t  t o  be due t o  
temperature c o n t r o l .  I t  i s  doub t fu l  t h a t  the  temperature c o n t r o l  v a r i a t i o n s  
a r e  due t o  the  C02, as the  C02 adso rp t i on  p e r i o d  was long pas t  when s i g n i f i -  
cant  water  breakthrough was no t iced .  Before water  breakthrough a t  roughly  
f o u r  hours, the e x i t  dew p o i n t s  f o r  b o t h  t e s t s  w i t h  the  I /2- i n c h - f i n  bed were 
below -87OF (0.000006 l b  HzO/lb Np). For the  I - i n c h - f i n  bed runs, lowest  dew 
p o i n t s  were -82' and -76OF. 
o f  the  C02. 

From these data, there  i s  no d iscernab le  e f f e c t  

ADSORPTION OF C02 BY MOLECULAR S I E V E  BEDS WITH PRELOADS OF WATER 

General D e s c r i p t i o n  o f  the Poisoning Phenomena i n  C02-Removal Beds 

Even though p r e d r i e r  beds f o r  spacecra f t  C02-removal systems can reduce 
the water  concen t ra t i on  o f  the process gas stream t o  ve ry  low l e v e l s  (-100' t o  
-6OOF dew po in t ,  approx imate ly  2 t o  45 ppm by weight) ,  i n e v i t a b l y  some o f  the  
water  t h a t  does reach the C02-removal bed w i l l  be r e t a i n e d  there.  Th is  o f  
course i s  due t o  the tremendous a f f i n i t y  o f  ino lecular  s ieves f o r  water.  I n  a 
spacecra f t  system, w i t h  i t s  c y c l i c  so rp t i on /deso rp t i on  operat ion,  the b u i l d u p  
o f  water  on the C02-removal bed i s  very  slow. T h i s  i s  as expected s ince  much 
o f  the  water adsorbed i n  one h a l f  c y c l e  would be desorbed i n  the  f o l l o w i n g  
h a l f  cyc le .  Sut over a long p e r i o d  o f  con t i nua l  operat ion,  a s i g n i f i c a n t  water 
load  would be a t ta ined .  Eventual ly,  a c y c l i c ,  s teady-s ta te  c o n d i t i o n  would be 
reached and no f u r t h e r  n e t  water  r e t e n t i o n  would occur. 

As t h e  water  load  increases, the  C02-removal performance o f  the  system 

I f  
dec l ines .  Depending upon the ac tua l  design and performance requirements, 
a p o i n t  can be reached where C02-removal performance i s  u n s a t i s f a c t o r y .  
t h i s  does occur, p r o v i s i o n s  would have t o  be made t o  d i scon t inue  opera t i on  
w i t h  the system, and t o  remove the water l oad  by a vacuum bakeout. 

I d e a l  ly, i t  would be desi  red  t o  produce a system where C02 performance 
would be acceptable even w i t h  the presence o f  a s teady-s ta te  water  load: 
T h i s  may n o t  be poss ib le ;  i t  would p robab ly  n o t  produce a p r a c t i c a l  system 
w i t h  respect  t o  s i z e  and weight .  I n  any case, i t  i s  most d e s i r a b l e  t o  know 
q u a n t i t a t i v e l y  how long a g iven system design w i l l  p rov ide  s a t i s f a c t o r y  
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performance. Up t o  present, t h e r e  has been s u f f i c i e n t  u n c e r t a i n t y  i n  t h i s  
regard, t h a t  a l l  spacec ra f t  systems have been designed ve ry  c o n s e r v a t i v e l y  
and w i t h  p r o v i s i o n s  f o r  vacuum bakeouts. 

The p r e d i c t i o n  o f  t he  d e v i a t i o n  o f  acceptab le  performance i s  v e r y  d i f f i -  
c u l t .  Th i s  i s  due t o  two circumstances. F i r s t ,  t h e  r a t e  and e q u i l i b r i u m  data 
r e q u i r e d  f o r  such computations a r e  g e n e r a l l y  i n s u f f i c i e n t  i n  breadth  and usu- 
a l l y  ques t i onab le  i n  accuracy. Second, the  computat ion must i n v o l v e  the  t r a n -  
s i e n t  adso rp t i on /deso rp t i on  performance o f  the  system over  many, many cyc 
possi b l y  hundreds o f  cyc les .  
procedure; and computer cos ts  can be ve ry  la rge .  

T h i s  r e q u i r e s  an extremely accura te  numerica 

\ 
Exper imental ly,  o f  course, t he  d u r a t i o n  o f  acceptab le  performance can be 

determined. However, t he  procedure i s  compl ica ted  and expensive, as c o n t r o l  l e d  
c o n d i t i o n s  must be main ta ined con t inuous ly  f o r  ve ry  l ong  pe r iods  o f  time, up 
t o  several  months. Even i f  an exper iment does determine system performance 
l i f e t i m e ,  l i t t l e  b a s i c  i n f o r m a t i o n  i s  gained, due t o  d i f f i c u l t y  i n  r e l a t i n g  
the  observed performance c o n d i t i o n s  t o  the  e x i s t i n g  bed water l o a d i n g  d i s t r i -  
b u t i o n  and t o  general mass-transfer ra tes .  

As an example o f  the  c u r r e n t  s ta te -o f - the -a r t ,  l ong  d u r a t i o n  t e s t s  i n d i -  
c a t e  t h a t  t h e  Skylab RCRS would per fo rm s a t i s f a c t o r i l y  f o r  a p e r i o d  i n  excess 
o f  120 days w i t h o u t  i n t e r r u p t i o n  f o r  a vacuum bakeout. Because o f  m iss ion  
durat ions,  and t o  a l l o w  a margin o f  safety,  vacuum bakeouts f o r  the  RCRS a r e  
scheduled f o r  every 28 days. The o r i g i n a l  RCRS design computations were based 
on the  most conserva t i ve  assumptions. One o f  these was t h a t  a l l  water e n t e r -  
i n g  the  C02-removal bed ( c o n t a i n i n g  molecu la r  s ieve  5A) would be r e t a i n e d  by 
i t .  S im i la r l y , conse rva t i ve  assumptions were made as t o  the po ison ing  e f f e c t  
of t he  r e t a i n e d  water .  W i th  these assumptions i t  was r e l a t i v e l y  easy t o  p ro -  
duce a design t h a t  would meet the  28-day performance requirement; and t h e  c o s t  
o f  t he  design process was h e l d  t o  a reasonable l e v e l .  As i n d i c a t e d  by t e s t s  
mentioned above, the ac tua l  performance d u r a t i o n  f a r  exceeds the  requ i  rement. 
For tunate ly ,  as can be seen by the  bas i c  bed s i zes  (7.5 and 9.9 l b )  compared 
t o  t o t a l  system we igh t  (195 lb) ,  l i t t l e  p e n a l t y  i s  p a i d  f o r  the  over design. 
However, as m iss ion  du ra t i ons  and crew s i zes  increase, i t  w i l  1 be more impor- 
t a n t  t o  produce more accura te  designs. T h i s  w i l l  r e q u i r e  cons ide rab ly  more 
and b e t t e r  i n fo rma t ion  than t h a t  a v a i l a b l e  f o r  the Skylab RCRS design. 

Tes t  Concept 

I n  o rde r  t o  produce r e f i n e d  data on the dynamic performance o f  beds w i t h  
r e s i d e n t  water  loads, a s e r i e s  o f  c o n t r o l l e d  t e s t s  were devised. The t e s t  con- 
cep t  and c o n d i t i o n s  were compi led j o i n t l y  between personnel o f  NASA Manned 
Spacecra f t  Center, NASA Langley Research Center, 'and AiResearch. S p e c i f i c  
t e s t  procedures were implemented by AiResearch. Basical ly,  the  t e s t  concept 
was t o  p l a c e  a known p r e l o a d  o f  water  on the  sorbent bed ( e i t h e r  5A or 13X) 
then t o  run  a C02 adso rp t i on  breakthrough. 
cases was t o  be t h a t  which would be i n  e q u i l i b r i u m  w i t h  -8OOF dew p o i n t  ( a t  
0.006 mm Hg pH o). 

The amount o f  t h e  p r e l o a d  i n  a l l  

Base l i ne  t e s t s  were t o  be r u n  w i t h  t he  pre loads  p laced  
2 
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un i fo rm ly  on the beds. Then, nonuni form preloads, bu t  o f  the same t o t a l  
magnitude, were t o  be p laced on the bed from f l o w  streams o f  -40°F dew p o i n t  
and a l s o  o f  -2OOF dew p o i n t .  C02 breakthroughs were then t o  be run on these 
pre loaded beds. Table 6-1 p resents  summaries o f  t he  t e s t  c o n d i t i o n s  f o r  which 
data i s  repor ted.  

C02 Adsorp t ion  on L inde 5A Beds Conta in ing  Water Preloads 

Procedure f o r  Producinq -80°F Dew P o i n t  Uni form Preload. - From Linde 
data,  i t  was determined t h a t  the water  load ing  on molecular  s ieve  5A co r res -  - 
pond-ing t o  -8OOF dew po in t ,  0.006 mm Hg p 

7.0 p s i a  t o t a l  pressure, the water  concen t ra t i on  i n  n i t r o g e n  f o r  0.006 mm Hg 
p i s  o n l y  7.7 ppm by weight .  I n  o rde r  t o  load the 1 /2 - inch - f i n  bed con- 

t a i n i n g  about I l b  o f  L inde 5A t o  8.5 percent  water, u s i n g  the maximum f l o w  
r a t e  p o s s i b l e  i n  the apparatus (approx imate ly  5 lb /h r ) ,  i t  would take n e a r l y  
100 days o f  cont inuous running i f  the  process gas stream had a -8OOF dew p o i n t .  
Th i s  was c l e a r l y  an i m p r a c t i c a l  s i t u a t i o n .  The procedure used invo lved  
opera t i on  o f  the bed a t  h ighe r  temperature and h igher  i n l e t  dew po in t ,  such 
t h a t  the  e q u i l i b r i u m  load ing  was a l s o  8.5 percent.  From the e q u i l i b r i u m  data, 
poss ib le  o p e r a t i n g  c o n d i t i o n s  l i e  on the l i n e  o f  cons tan t  8.5 percent  loading.  
I t  was des i red  t o  have as h i g h  w a t e r  p a r t i a l  pressure as poss ib le ,  i n  order  
t o  increase water  concen t ra t i on  and decrease p re load ing  t i m e .  However, very  
h igh  sorbent  temperatures were t o  be avoided due t o  l i m i t a t i o n s  i n  the bed 
hea t ing  equipment. (IO'F 

dew p o i n t )  were chosen as they would g i ve  the  des i red  load ing  and were w e l l  
w i t h i n  the c a p a b i l i t i e s  of the equipment. 

and 7OoF was 8.5 percent .  A t  
H20, 

H2° 

The c o n d i t i o n s  o f  IOO'C (212'F) and 1.6 mm Hg p 
H2° 

The procedure used i s  descr ibed a s  fo l l ows .  The bed was f i r s t  heated t o  
e s s e n t i a l l y  212OF by the ho t -n i t rogen  thermal loop, then opened t o  vacuum and 
pumped down t o  about 27 p, Hg. From e q u i l i b r i u m  data, t h i s  ope ra t i on  would 
s t r i p  o f f  a l l  C02, b u t  would leave a 2.5 percent  water  l oad  on the bed. Then, 
w i t h  the bed s t i l l  a t  212OF, n i t r o g e n  w i t h  a 13'F dew p o i n t  was passed through 
the bed a t  a f l ow  r a t e  o f  4.0 l b /h r  apd pressure o f  251 mm Hg. Flow was con- 
t i n u e d  f o r  a l i t t l e  over 9.5 h rs .  A t  about 5 h r s  i n t o  t h e ' t e s t  i t  was observed 
t h a t  i n l e t  and o u t l e t  humidi t i e s  were e s s e n t i a l  l y  equal. The a d d i t i o n a l  t e s t  
t ime was prov ided t o  i nsu re  bed s a t u r a t i o n .  A c c o r d i n g - t o  e q u i l i b r i u m  data 
w i t h  13OF dew p o i n t  (1.85 mrn Hg p 

t i o n  would produce 8.9 percent  loading.  I t  was in tended t o  produce a l oad ing  
above the des i red  8.5 percent  and then gas s t r i p  back t o  the des i red  value. 
Ca lcu la t i ons  from the recorded i n l e t  and o u t l e t  dew p o i n t s  i n d i c a t e d  t h a t  t he  
developed load ing  a t  t h a t  t ime was 8.76 percent .  However, du r ing  the pre load-  
i n g  procedure, mechanical problems were exper ienced w i t h  the  manual dew-point 
instrument.  Because of t h i s ,  the f u l l  water  breakthrough curve was n o t  
recorded and thus the '8 .76 percent  load va lue i s  on l y  approximate. I n  view 
o f  the recorded temperatures i n  the bed, which v a r i e d  f rom 163OF a t  t h e  i n l e t  

) and 2'12OF isothermal  bed, t h i s  opera- 
H2° 
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t o  23OoF w i t h i n  the  bed, an average o f  22OoF, the 8.9 percent  t h e o r e t i c a l  
load ing  would n o t  be developed. The 8.76 pe rcen t  va lue  seemed reasonable. 

The bed was then coo led  t o  7OoF, i n l e t  humid i t y  ad jus ted  t o  -80°F (+2OF), 
f o l l owed  by severa l  hours o f  gas s t r i p p i n g .  Dur ing s t r i p p i n g  i t  was ev iden t  
t h a t  ve ry  l i t t l e  water was removed from the  bed, and t h e  procedure was d i s -  
cont inued. The slowness o f  the  gas s t r i p p i n g  i s  p robab ly  due t o  the  extremely 
low p a r t i a l - p r e s s u r e  d r i v i n g  fo rces  involved. 

' 

The p re load  procedure was n o t  as smooth as desired, e s p e c i a l l y  w i t h  some 
data problems d u r i n g  breakthrough. However, the  c a l c u l a t e d  8.76 percent  water 
l oad ing  i s  b e l i e v e d  t o  be v a l i d  w i t h i n  about +5 percent.  Th i s  to le rance  was 
cons idered acceptable f o r  t h e  t e s t  se r ies .  

GO -2 
Adsorp t i on  by Linde 5A w i t h  a -8OOF Dew P o i n t  Un i fo rm Water Preload. - 

Immediately a f t e r  the  p r e l o a d i n g  sequence was f i n i s h e d  C02 adso rp t i on  t e s t s  
were conducted on the bed. I n  a l l  such t e s t s  the  water concen t ra t i on  i n  the  
n i t r o g e n  c a r r i e r  gas was ad jus ted  t o  -8OOF dew p o i n t  k5OF. C02 adsorp t ions  
were conducted as i n  the s ing le -so rba te  t e s t  se r ies .  
breakthrough was obtained, a gas s t r i p p i n g  o p e r a t i o n  was performed t o  remove 
the C02 and prepare the  bed f o r  t he  nex t  run. C a l c u l a t i o n s  showed the  gas 
s t r i p s  q h a n t i t a t i v e l y  removed the  C02 from the  bed. 

A f t e r  complete C02 

F igure  6-5 shows the  C02 breakthrough and gas s t r i p  f o r  the  f l o w  r a t e  o f  
1.23 l b / h r .  The curve  shapes--when the gas s t r i p  curve i s  i nve r ted - -a re  almost 
i d e n t i c a l .  T h i s  i s  more c l e a r l y  seen i n  the  dimensionless curves o f  F igu re  
6-6. 
s ing le -so rba te  t e s t s  w i t h  C02 on d r y  L inde 5A. 

These curves show a mudh poorer breakthrough shape than n o t i c e d  i n  the  

F igu re  6-7 presents  the C02 adso rp t i on  and gas s t r i p  f o r  the  f l o w  r a t e  o f  
2.23 l b / h r .  A l t o  ether, 12 runs--adsorpt ions and gas s t r ips - -were  run a t  7 
mm Hg pco * and 70 F. Very good r e p r o d u c i b i l i t y  was obtained. The average C02 

2 
l oad ing  ob ta ined  fo r  the  12 runs was 0.00406 l b  C02/lb sorbent;  the  standard 
d e v i a t i o n  was 0.00026. 

3 

Th is  C02 load ing  capac i t y  compares reasonably w e l l  w i t h  caadsorp t ion  
e q u i l i b r i u m  data taken p r e v i o u s l y  i n  the program, and shown I n  F igu re  6-8. 
The load ing  does sekm somewhat low w i t h  respec t  t o  the  e q u i l i b r i u m  data, and 
i t  m igh t  be speculated t h a t  t h e  water p re load  on the  bed was a c t u a l l y  more 
than the  c a l c u l a t e d  8.76 percent.  For example, i f  the water  p re load  were 12 
percent, t h e  C02 l o a d i n g  de r i ved  from the  dynamic t e s t s  would be more cons is -  
t e n t  w i t h  the  e q u i l i b r i u m  data taken e a r l i e r .  However, accord ing  t o  Linde 
data, t he  p a r t i a l  p ressure  o f  water i n  e q u i l i b r i u m  w i t h  12 percent  water 
l oad ing  i s  0.025 mm Hg, which corresponds t o  a dew p o i n t  o f  -6OOF. 
l e t  dew p o i n t  no ted  throughout the dynamic coadsorp t ion  t e s t s  was always much 
lower than t h i s  value, and the re  was v i r t u a l l y  no change no ted  i n  l a t e r  re runs  
a f t e r  many hours o f  n e a r l y  cont inuous pu rg ing  w i t h  -8OOF dew-point flow. 
i s  f e l t  the  C02 l o a d i n g  de r i ved  from the  dynamic t e s t s  may be more r e l i a b l e  
than t h a t  ob ta ined  i n  , the equi 1 i b r i u m  t e s t  apparatus. 

The ou t -  

I t  
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CO Adsorp t ion  by Linde 5A w i t h  Nonuniform. Water Preloads. - The C02 
adsorF?ons w i t h  un i fo rm water  pre loads do n o t  t r u l y  represent  the phenomena 
expected i n  a spacecra f t  CO -removal bed. However, these t e s t s  can f u r n i s h  
bas i c  data t o  h e l p  determine mass- t ransfer  c o e f f i c i e n t s  corresponding t G  the 
8.76 percent  water  pre load.  
res iden t  water l oad ing  d i s t r i b u t e d  predominant ly  a t  the f r o n t  end o f  the bed. 
TO accomplish th is ,  a s e r i e s  o f  t e s t s  were conducted i n  which the pre load was 
l a i d  down by n i t r o g e n  f lows which conta ined water t o  the l e v e l  o f  -40' and -2O'F 
dew po in ts .  The t o t a l  water  p re loads  were t o  be the same as t h a t  in  the -8O'F 
dew-point, un i fo rm pre load t e s t s ;  t h a t  i s ,  8.8 percent .  Each p re load  sequence 
was preceded by a vacuum-bakeout t o  remove a l l  water  and CO f rom the bed. 
A f t e r  each p re load  o n l y  one adso rp t i on  breakthrough was made as i t  was expected 
f u r t h e r  t e s t i n g  would d i s t r i b u t e  the water  pre load.  
the f l o w  stream dew p o i n t  was ad jus ted  t o  -8O'F +5'F. 

2 

A more r e a l i s t i c  s i m u l a t i o n  would be w i t h  the 

2 

Dur ing  each C02 adsorpt ion,  

F igu re  6-9 shows the breakthrough curves de r i ved  f o r  the f low r a t e  o f  
1.23 l b / h r  w i t h  uonuni form water pre loads.  
curves f o r  the -40' and -2O'F dew-point t es ts .  A l so  shown on F igure  6-9 a re  
the  data p o i n t s  f o r  a d u p l i c a t e  preload/C02-breakthrough o f  Run No. 5A/W-C02 
( l / 2 ) -8 .  Th is  dupl i c a t e  run  (Run No. 5A/W-C02( I /2) -7)  a c t u a l  l y  preceded the 
run t h a t  i s  p l o t t e d .  Because o f  t he  c i rcumstances o f  the d u p l i c a t e  run, the 
comparison between the two i s  o f  i n t e r e s t .  The p re load ing  sequence f o r  each 
run requ i red  24 hours cont inuous opera t i on  (see F igu re  6- loa) .  
procedure was t o  bakeout the  bed overn ight ,  then t o  s t a r t  the p re load  sequence 
by noon o f  the  f o l l o w i n g  day. Then i n  the a f te rnoon  on the  day f o l l o w i n g  th i s ,  
the C02 breakthrough would be run. 
l abo ra to ry  problems (-30'F dew p o i n t  cou ld  n o t  be a t t a i n e d  due t o  anomalously 
h igh  water  conten t  o f  the l a b o r a t o r y  n i t rogen) ,  the C02 breakthrough cou ld  n o t  
be run. Since t h i s  was a Fr iday,  i t  was decided t o  cool  the c losed bed a t  I 
approx imate ly  40'F du r ing  the weekend. The C02 breakthrough was then run on 
Monday. Because o f  doubts about the  c o n d i t i o n  o f  the  p re load  due t o  the  48- 
h r  delay, the  e n t i r e  sequence was rerun.  I t  seems obvious, because o f  t he  
closeness o f  the breakthroughs, t h a t  t he re  was no t  much m i g r a t i o n  o f  water  
w i  t h i n  the bed du r ing  t h e  i d l e  per iod .  

F igure  6-10 shows the  p re load  

The usual 

On t h i s  p a r t i c u l a r  occasion, because o f  

I t  i s  ev iden t  f rom F igu re  6-9 t h a t  the d i s t r i b u t i o n  o f  the p re load  i s  
q u i t e  impor tant .  
t h a t  the w a t e r  would be accumulated near the f r o n t  o f  the bed, comple te ly  
po ison ing  t h i s  reg ion.  However, the  back end o f  the  bed would be l e f t  r e l a -  
t i v e l y  unpoisoned, capable o f  much more CO adso rp t i on  than i f  the pre load 
were  uni form. I t  i s  n o t i c e d  t h a t  the -40 F dew-point p re load  case p i cked  up 
more C02 than t h a t  f o r  -2OOF dew-point pre load.  The proposed reason f o r  t h i s  
i s  t h a t  a t  the lower concentrat ion,  the bed would adsorb water  more toward the 
f r o n t  end o f  the  bed and a l l o w  less  t o  pene t ra te  deeper i n t o  the bed. The ne t  
po ison ing  e f f e c t  would thereby be somewhat less, and more C02 capac i t y  would 
be re ta ined.  

For the -20' and -4d'F dew-point preloads, i t  i s  expected 

02 

F igure  6-11 presents  C02 breakthroughs f o r  nonuni form water pre loads f o r  
the f l o w  r a t e  o f  2.23 l b /h r .  F igure  6-12 shows the  water p re load  data f o r  the 
-40' and -2O'F dew-point sequences which preceded the  E02 breakthroughs. I n  
these  t e s t s  the re  i s  a grea t  d i f f e r e n c e  i n  the GO2 breakthroughs between the  
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-20' and -4O'F dew-point preloads. 
d i f f e r e n c e  here, and y e t  t h e r e  was o n l y  a smal l  d i f f e r e n c e  f o r  t he  low f l o w  
r a t e  t e s t s .  The water  p r e l o a d i n g  sequences were n e a r l y  i d e n t i c a l ,  as can be 
seen from F igures  6-10 and 6-12. Passibly, w i t h  the longer  C02 breakthrough 
f o r  t h e  low f l o w  r a t e  tes t ,  t he  p re load  c o u l d  have m ig ra ted  s i g n i f i c a n t l y ,  j 
becoming *more u n i f o r m  and causing the breakthrough t o  be e a r l i e r ,  w i t h  less; 
t o t a l  C02 capac i t y .  

-4OOF dew-point p re loads  a r e  concent ra ted  a t  t he  f r o n t  o f  the bed, l e a v i n g  the  
r e s t  o f  , the bed r e l a t i y e l y  unpoisoned. 
l oad  would be more concent ra ted  toward the  f r o n t  o f  the bed, the  C02 break- 
through would be longer,and show h ighe r  load ing .  I 

I t  i s  n o t  known why the re  i s  such a l a r g e  

However, t h e  same general s i t u a t i o n  i s  f e l t  t o  e x i s t :  t h a t  t he  ,20° and 

Also, s ince  the  -4OOF dew-point p re -  

F igu re  6-13 presents  C02 breakthrough curves on va r ious  water p re loads  
f o r  c o n d i t i o n s  o f  low C02 p a r t i a l  pressure, nomina l l y  1.75 mm Hg. 
e x h i b i t  the  same e f f e c t s  as ob ta ined w i t h  the 7 mm Hg p t e s t s .  F igure  6-14 

shows the  water  p re load  data f o r  t h e  -20' and -4O'F dew-point sequences wh ich  
preceded the  t e s t s  shown , in F igure  6-13. 

These curves 

c02 f 

F igures  6-15 and 6-16 present  dimensionless C02 breakthrough curves f o r  
the  t e s t  ,ser ies  w i t h  water-preloaded Linde 5A molecu la r  s ieves. Comparing 
the  breakthroughs on preloaded b e d s < t o  the  d r y  breakthroughs, and a l s o  com- 
p a r i n g  the  pre loaded breakthroughs accord ing  t o  t h e  type o f  preload, i t  seems 
t h a t  t h e r e  i s  a d e f i n i t e  mass- t rans fer  r a t e  e f f e c t  due t o  the preadsorbed 
water.  Since the  f l o w  r a t e  and temperature i n  a l l  C02 t e s t s  shown on each 
f i gure a r e  the  same, the  gas-phase mass- t rans fer  c o e f f i c i e n t  K woul d be 
e s s e n t i a l l y  t he  same f o r  a l l  such tes ts .  Therfore, increased i n t r a p a r t i c l e  
d i f f u s i o n a l  res i s tance  due t o , t h e  water p r e l o a d  i s  expected as the  cause o f  
t he  lower ra tes .  I t  seems l o g i c a l  t h a t  p a r t i a l l y  f i l l i n g  the  molecu la r  s ieve  
cages w i t h  water  c o u l d  impede the  d i f f u s i o n a l  t r a n s f e r  o f  C02, o r  a t  leas t ,  
pr,oduce a compe t i t i on  f o r  adso rp t i on  s i t e s  t h a t  would impede t h e  i n t r a p a r t i c l e  
adso rp t i on  process. On the  o t h e r  hand, i t  i 's  p o s s i b l e  t h a t  t,he poorer  break- 
through shapes c o u l d  be due t o  adverse o r  un favorab le  e q u i l i b r i u m  curve  shapes. 
Data i s  n o t  a v a i l a b l e  t o  f u l l y  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  The p o s s i b i l i t y  
o f  g r e a t e r  i n t r a - p a r t i c l e  mass- t rans fer  r e s i s t a n c e  seems much more 1 i ke l y .  

g: 

C02 Adsorp t i on  on .Linde 13x Beds Con ta in ing  Water Preload; 

Procedure fo r  Producing the  -80'F Dew P o i n t  Un i fo rm Preload. - An im-  
proved procedure, ove r  t h a t  used i n  the 5A ser ies,  was employed to  produce the  
u n i f o r m  water  p re load  on the 13X molecu la r  s ieve  beds. 
(0.006 mm Hg water  p a r t i a l  pressure) and 7OoF sorbent  temperature, e q u i l  i b r i u m  
data  i n d i c a t e s  a l oad ing  o f  7.5 percent.  
dew-point f l o w  stream i s  i m p r a c t i c a l ;  however, the,same load ing  can be 
accomplished w i t h  h ighe r  dew p o i n t s  and h ighe r  bed tempeyatures. 
preload, -2'F dew-point (0.86 mm Hg p 

Fo r  -8O'F dew p o i n t  

As noted  before, l o a d i n g  w i t h  -8O'F 

For t h i s  
) and 205'F bed temperature were 

chosen. H2° 
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Two problem areas were encountered i n  the  5A procedure:  nonuniform bed 
temperature and i n e f f e c t i v e n e s s  o f  the gas s t r i p  procedure a f t e r  loading.  
Nonuniform bed temperatures are  due t o  t h e  l a c k  of a s p e c i f i e c  bed preheater  
and the r a t h e r  h i g h  f l o w  r a t e  chosen f o r  the p r e l o a d  sequence. I t  i s  n o t e d  
t h a t  f o r  120'F adsorp t ions  a t  normal f l o w  rates,  exper ience showed t h a t  the  
bed i n l e t  s e c t i o n  served as an adequate preheater .  I n  the  adopted procedure 
f o r  p r e l o a d i n g  the 1 3 X  bed, i t  was decided t o  s t a r t  w i t h  a h i g h  f l o w  r a t e  and 
produce the b u l k  o f  t h e  preload, and then t o  reduce t h e  f l o w  u n t i l  n e a r l y  
un i fo rm bed temperature was a t t a i n e d .  Also, i t  was d e s i r e d  t o  load o n l y  t o  
7.5 percent  and fo rego a gas s t r i p  a f t t r w a r d .  

The 1 3 X  p r e l o a d  was preceded by a thorough vacuum-bakeout a t  500'F. T h i s  
was t o  remove a l l  t races  o f  water ;  thus produc ing  a more w e l l - d e f i n e d  
s t a r t i n g  p o i n t  than i n  the 5A procedure. F i n a l  c a l c u l a t i o n s  o f  t h e  water  
p r e l o a d  would then be more accurate.  

The f i r s t  p o r t i o n  o f  t h e  p r e l o a d i n g  sequence used a r e l a t i v e l y  h i g h  f low 
r a t e  o f  4 .0 l b / h r .  The h e a t i n g  system was a d j u s t e d  i n  an a t tempt  t o  produce 
a bed temperature p r o f ;  l e  which averaged 205'F ( t h e  g r a d i e n t  a c t u a l  l y  produced 
was from 180' t o  242'F). 
t a i n e d  i n  about 6 - i / 2  hours. T h i s  i s  shown c l e a r l y  i n  F igure  6-17. A f t e r  
the  i n i t i a l  breakthrough, t h e  f l o w  r a t e  was reduced t o  3.8 l b / h r  i n  o r d e r  t o  
reduce the  bed temperature grad ien t .  The r e s u l t i n g  temperature p r o f ;  l e  was 
from 190' t o  209'F, w i t h  most o f  the bed a t  about 205'F. 
the adjustment o f  f l o w  r a t e  and temperature, t h e  o u t l e t  dew p o i n t  dropped t o  
about -2OoF, i n d i c a t i n g  t h e  average bed temperature f o r  the  f i r s t  break- 
through was cons iderab ly  above ' the  d e s i r e d  205'F, and the bed was n o t  y e t  
s a t u r a t e d  w i  t h  respect  t o  t h i s  sorbent  temperature. Opera t ion  cont inued u n t i  1 
the o u t l e t  dew p o i n t  e s s e n t i a l l y  reached the  i n l e t  a t  about -2'F. 
t e s t  t ime has over 17 hours. From a graph ica l  i n t e g r a t i o n  of t h e  data o f  
F igure  6-17; the  water  l o a d i n g  der ived  i n  the  o p e r a t i o n  was c a l c u l a t e d  as 
7.5 percent, j u s t  as des i red .  

A t  these cond i t ions ,  a water  breakthrough was ob- 

Immediately upon 

The t o t a l  

C02 Adsorp t ion  by Linde 13X w i t h  Uni form and Nonuniform Water Preloads. - 
F i g u r e s  6-18 and 6-19 show the C02 breakthrough curves ob ta ined f rom the  
uni3forrnly pre loaded'bed.  Each C O  a d s o r p t i b n  was f o l l o w e d  by a gas s t r i p p i n g  
operat ion.  The water  p r e l o a d  was e s s e n t i a l l y  u n a f f e c t e d  by these opera t ions  
as the  dew p o i n t  o f  the gas stream was main ta ined about -80'F. 
the i n i t i a l  C02 breakthrough was made i n  o rder  t o  check the  c o n d i t i o n  o f  t h e  
pre load.  As shown i n  F igure  6-19, the r e r u n  breakthrough was e s s e n t i a l l y  
i d e n t i c a l  t o  the  f i r s t  run. 
adsorp t ions  and the  t h r e e  gas s t r i p s  were a l l  q u i t e  close, averaging 0.857 
percent.  
percent  w a t e r ' p r e l o a d  i s  i n t e r p o l a t e d  t o  be I ..I5 percent .  No d e f i n i t e  exp la -  
n a t i o n  f o r  t h e ' d i f f e r e n c e  between dynamic c a p a c i t y  and the  e q b i l i b r i u r n  data 
i s  a v a i l a b l e .  I t  i s  poss' ible t h a t  the  e q u i l i b r i u m  data', which i s  r a t h e r  
d i f f i c u l t  t o  obtain,  i s  b iased h igh.  

2 

A r e r u n  o f  

The C02 a d s o r p t i o n  c a p a c i t i e s  f o r  t h e  t h r e e  

From the coadsorp t ion  e q u i l i b r i u m  data, the  C02 l o a d i n g  f o r  7.5 

1 

F igures 6-20'and16-22 show CO2 breakthrough curves ob ta ined f o r  non- 
u n i f o r m  water  preloads. F igures 6-21 'and 6-23 show the  data f rom t h e  water  
p r e l o a d  sequences i n v o l v i n g  -40' and -2O'F dew-point f lows.  Those p r e l o a d  
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sequences were e s s e n t i a l l y  i d e n t i c a l  t o  those used i n  the  5A t e s t s .  There i s  
one except ion ;  f o r  the  'p re load ing  run  13X/W-C02( 1/2)-7 (F igu re  6-23) a lower 
c a r r i e r  gas f l o w  r a t e  was used, 4.0 vs. 5.2 l b  pe r  h r .  

I 

The general t r e n d  o f  the  data f o r  13X i s  the  same as t h a t  f o r  5A. That ." 
i s ,  the  beds loaded u n i f o r m l y  w i t h  water  i n  e q u i l i b r i u m  w i t h  -8OOF dew p o i n t -  
show cons ide rab ly  l e s s  C 0 2  capac i t y  than d r y  beds. Beds loaded t o  the  same * 

e x t e n t  ( o r  more), b u t  i n  such a manner as t o  concent ra te  the  water a t  the  
f r o n t  end o f  the  bed, show C02 c a p a c i t i e s  i n te rmed ia te  between those o f  the  
u n i f o r m l y  preloaded beds and d r y  beds. One d i f f e r e n c e  seems t o  be apparent. 
For 13X, the -2O'F dew-point preloaded bed shows g rea te r  c a p a c i t y  than the  -4OOF 
dew-point p r e l  ded bed. The oppos i te  was t r u e  f o r  5A. The suspected cause 
o f  t h i s  d i f f a e r  
from the  lower f l o w  o f  4.0 l b  per  hr. I t  i s  assumed t h a t  w i t h  the  lower flow, 
i n  s p i t e  o f  t he  h ighe r  i n l e t  concentrat ion,  the  water  was adsorbed more p re -  
dominant ly -on  the  f r o n t  end o f  the  bed, w i t h  r e l a t i v e l y  l e s s  adso rp t i on  e l se -  
where i n  the  bed. 

ce l i e s  i n  the  -2O'F dew-point p re load  on 13X be ing  d e r i v e d  

Dimensionless C02 breakthrough curves a r e  shown f o r  a l l  coadsorp t ion  
t e s t s  on 1 3 X  i n  F igu res  6-24 and 6-25. From the f i g u r e s  i t  i s  apparent t h a t  
the  water  p r e l o a d  has a l ower ing  e f f e c t  on the  mass-transfer ra te .  A s  n o t i c e d  
f o r  the  5A tests,  b o t h  the  magnitude o f  the  p re load  and the  p re load  d i s t r i -  
b u t i o n  a re  f a c t o r s  i n  how much the r a t e  i s  a f f e c t e d .  

I t  seems t h a t  13X sorbent i s  l e s s  e f f e c t e d  i n  r a t e  by water p re loads  than 
5A. Th is  conc lus ion  i s  based upon a comparison o f  F igu re  6-24 and F igu re  6-15. 
I n  F i g u r e  6-15 f o r  5A sorbent, the curves f o r  the  preloaded beds a r e  r e l a t i v e l y  
l e s s  steep when compared t o  the  dry-bed curves. As discussed e a r l i e r  f o r  t he  
5A tests,  the  general exp lana t ion  f o r  the  lower mass- t rans fer  r a t e  i s  t h a t  t he  
p r e  oaded water  s i g n i f i c a n t l y  r e s t r i c t s  movement o f  C02 molecules w i t h i n  the  
z e o l i t e  s t r u c t u r e .  Since I3X has a much more open c r y s t a l  s t ruc tu re ,  i t  i s  
expected t h a t  the  preloaded water  would indeed have less  e f f e c t  than w i t h  5A. 

P r e d i c t i o n  of Water Preloads Derived from -20' 
and -4OOF Dew-Point Flows 

Per fo rmance-pred ic t ion  program S9960 was used t o  p r e d i c t  t he  nonuni form 
water  l oad in2  d i s t r i b u t i o n s  f o r  f o u r  o f  t h e  p r e l o a d  sequences which i n v o l v e d  
-20' and -40  F dew-point f lows. 
ser ies .  Runs 5A/W-C02( 1'/2)-9p and -12p; the  o t h e r  two computations were f o r  

t he  Linde- 13X ser ies ,  Runs I3X/W-C02( I /2)-7p and -9p. 

were ob ta ined  f o r  K 

t i o n  accuracy was judged by comparing the  t o t a l  bedt load ings  from the computer 
p r e d i c t i o n s  w i t h  t h a t  c a l c u l a t e d  from exper imental  data. 

Two o f  t he  computations were f o r  t he  Linde-5A 

The b e s t  p r e d i  c t i o n s  
2 = 0.0004 lb -moles /hr - f t2 -0F and D = 0.001 f t  /hr. Predic-  

g 

F igu res  6-26 and 6-67 p resen t  the  p red i  c t e d  wate,r l o a d i n g  d i s t r i b u t i o n s  
(wa te r  l oad ing  vs a x i a l  p o s i t i o n  i n  the  bed). As suggested e a r l i e r ,  the  f i g u r e s  
show t h a t  t he  pre loads  d e r i v e d  from -20' and -4OOF dew-point f lows a r e  concen- ' 

t r a t e d  i n  t h e  f r o n t  o f  the  bed, w i t h  the back o f  the  bed r e l a t i v e l y  unloaded. 
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From F i g u r e  6-26,  s h o w i n g  t h e  p r e l o a d s  o n  L i n d e  5A, i t  is d i f f i c u l t l  to  see 
why t h e  C02 b r e a k t h r o u g h s  c o n d u c t e d  a f t e r  t h e  p r e l o a d  s e q u e n c e s  ( shown earl  i e r  
i n  F i g u r e  6-1 I )  a r e  so d i f f e r e n t  ( t h e  -4OOF d e w - p o i n t  p r e l o a d  b r e a k t h r o u g h  
b e i n g  much b e t t e r ) .  P o s s i b l y ,  t h e  a d d i t i o n a l  amount  o f "  water p r e s e n t  m i g r a t e d  
c o n s i d e r a b l y  d u r i n g  t h e  C02 b r e a k t h r o u g h  for t h e  - I  8OF d e w - p o i n t - p r e l o a d  case, 

a n d  c a u s e d  c o n s i d e r a b l e  p o i s o n i n g  t h r o u g h o u t  t h e  bed. 

On t h e  o t h e r  hand ,  fo r  t h e  p r e l o a d s  o n  L i n d e  13X, shown i n  F i g u r e  6-27,  
i t  seems t h a t  t h e  -2OOF d e w - p o i n t  p r e l o a d  w o u l d  y i e l d  somewhat  more C02 c a p a -  

c i t y  t h a n  t h a t  for  -4OOF dew p o i n t .  
c a p a c i t y  fo r  t h e  -2OOF d e w - p o i n t  run.  
t h e  r ea r  of t h e  b e d  is c o n s i d e r e d  t o  g ive  t h e  g r e a t e r  o b s e r v e d  c a p a c i t y .  I t  
s h o u l d  b e  n o t e d  t h a t  a t  a b o u t  5 p e r c e n t  water l o a d i n g ,  t h e  C02 a b s o r p t i o n  

c a p a c i t y  is a l e s s  t h a n  h a l f  of t h a t :  of d r y  m o l e c u l a r  s i e v e ;  a t  7 ' p e r c e n t  i t  
i s  a b o u t  o n e  q u a r t e r  o r  l e s s .  T h u s ,  i t  w o u l d  seem t h a t  t h e  f r o n t  of t h e  b e d  
is  c o m p l e t e l y  p o i s o n e d  a n d  t h e  l o a d i n g  i n  t h e  rear  of t h e  b e d  d e t e r m i n e s  t h e  
rema i n i n g  c a p a c i  t y .  

F i g u r e  6-22 d o e s '  show somewhat  h i g h e r  
T h e  v e r y  s m a l l  amount  of l o a d i n g  i n  

P r e d i  c t i o n  of M a s s - T r a n s f e r  P a r a m e t e r s  
o n  U n i f o r m l y  P r e l o a d e d  Beds 

2 An a t t e m p t  was made to  e v a l u a t e  m a s s - t r a n s f e r  p a r a m e t e r s  from t h e  CO 

b r e a k t h r o u g h  c u r v e  of Run No. 5A/W-CO ( I / 2 ) - 5  o n  t h e  uni f o r m l y  w a t e r - p r e l o a d e d  2 
L i n d e  5 A  bed. I n  o r d e r  t o  d o  t h i s ,  t h e  e q u i  l i  b r i u m  i s o t h e r m  for  t h e  a d s o r p -  
t i o n  c o n d i t i o n s  h a d  t o  b e  o b t a i n e d .  E x p e r i m e n t a l  d a t a  was n o t  a v a i l a b l e ;  
t h e r e f o r e  t h e  i s o t h e r m  was a p p r o x i m a t e d .  T h i s  was a c c o m p l i s h e d  as  fo l  l o w s :  
f i r s t ,  i t  was f a i r l y  c e r t a i n  from dynamic  tests t h a t  a t  a b o u t  7.1 mm Hg p 

t h e  b e d  e q u i l i b r i u m  l o a d i n g  was a p p r o x i m a t e l y  0.00406 l b  C 0 2 / l b  5A. 

d i s c u s s e d  e a r l i e r  i n  t h i s  s e c t i o n .  Then from t h e  d a t a  c o n t a i n e d  i n  F i g u r e  3-23 
t h i s  e q u i l i b r i u m  p o i n t  was l o c a t e d  a n d  t h e  s l o p e  for  t h e  i s o t h e r m  was a p p r o x i -  
mated.  I t  was t h e n  e s t i m a t e d  t h a t  t h e  i s o t h e r m  w o u l d  p a s s  t h r o u g h  t h e  p o i n t  
of w = 0.001 l b  C 0 2 / l b  5A a n d  p = 0.4 mm Hg. On l o g - l o g  p a p e r  a s t r a i g h t  

l i n e  was  drawn t h r o u g h  t h e s e  Two p o i n t s ;  t h i s  s t r a i g h t ' l i n e  was t h e  i s o t h e r m  
f o r  w h i c h  t a b l e d  v a l u e s  were i n c l u d e d  i n  t h e  p e r f o r m a n c e - p r e d i c t i o n  program.  

T h e  e v a l u a t i o n  y i e l d e d  o n e  c o m b i n a t i o n  of K /D w h i c h  gave a good f i t  of 

c02 
T h i s  was 

c02 

9 2 t h e  e x p e r i m e n t a l  c u r v e .  T h e  v a l u e s  were K = 0.0001 l b - m o l e / h r - f t  -mm Hg 

a n d  D = 0.0001 f t  / h r .  F i g u r e  6-28 shows t h e  p r e d i c t i o n  o b t a i n e d  w i t h  t h e s e  
v a l u e s .  From a l l  of t h e  p r e d i c t i o n s ,  i t  was f a i r l y  d e f i n i t e  t h a t  d i f f u s i v i t y  

v a l u e s  of 0.00004 a n d  0.001 f t  / h r  were too low a n d  too h i g h ,  r e s p e c t i v e l y .  
T h e r e  Seemed t o  b e  some l a t i t u d e  i n  t h e  K v a l u e ,  p o s s i b l y  down to  0.00075 

1 b-mol e / h r -  f t -mm Hg. 

2 9 

2 

I 9 2 
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Higher  K values than shown i n  F igu re  6-28 tended t o  p r e d i c t  l a t e r  

breakthroughs i n  the  e a r l y  p o r t i o n  o f  the run; however, p r e d i c t i o n s  f o r  a l l  
K values f o r  a p a r t i c u l a r  d i f f u s i v i t y  seemed t o  merge i n t o  one l i n e  f o r  the 

l a t e r  p a r t  o f  the  breakthrough. 

9 

9 

No o t h e r  eva lua t i ons  were at tempted due t o  the obvious approximate 
na tu re  o f  the e q u i l i b r i u m  data. 
t h a t  r a t e  c o e f f i c i e n t s  a re  reduced t o  some e x t e n t  when the  sorbent  conta ins  
a water  preload. 

Th is  one e v a l u a t i o n  does serve t o  p o i n t  ou t  
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Figure 6-1. C02 Concentrations for Simultaneous Adsorption of C02 
and Water on Linde 13X, Run No. I3X/CO2-W( 1/2)-l 

0. 

Time (hrs) 

Figure 6-2. Water Concentrations for Simultaneous Adsorption of C02 
and Water on Linde 13X, Run No. 13X/C02-~(1/2)-1 
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Figure 6-3. C02 Concentrations for Simul taneous Adsorption o f  C02 
and Water o n  Linde 13X, Run No. I3X/CO2-W( I ) - I  
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Figure 6-4. Water Concentrations f o r  Simultaneous Adsorption of C02 
and Water on Linde 13X, Run No. I3X/CO2-W(I)-l 
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A. C02 Adsorp t ion  Breakthrough, on Linde 5A Wi th 8.765 Uni form 

Water Preload, Run No. 5A/W-C02( 1/2)- l  
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B. Gas T r i p  o f  C02 From Linde 5A w i t h  8.76% Uni form Water Pre load 
Run No. SAW-C02( 1/2)-2s 

F igu re  6-5. GO2 Adsorp t ion  Breakthrough Run No. 5A/W-C02( 1/2)-l and 
Gas S t r i p  Run No. 5A/W-C02( 1/2)-2s 
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A. C02 Adsorp t i on  Breakthrough on Linde 5A Wi th 0.76% Uniform Water Preload, 

Run No. 5A/W-C02( I /2) -5 
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A. Water Pre load ing  Sequence on Linde 5A, Run No. 5A/W-C02( 1/2)-8p 
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B .  Water Pre load ing  Sequence on Linde 5A, Run No. 5A/W-C02(l/2)-1 Ip 

Figure  6-10. Water Pre load ing  Sequences on Linde 5A Run Nos. 5A/W-C02( l/2)-8p 
and 5A/W-C02( I /2) - I I p 
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Time (hrs) 

A. Water Preload'ing Sequence on Linde 5A, Run No. 5A/W-CO2(I/2)-9p 

Time (hrs) 

B a Water Pre 1 oad i ng Sequence on Li nde 5A, Run No e 5A/W-C02( I / 2 )  - I 2p 

Figure 6-12. Water Preloading Sequences on Linde 5A, Run Nos. 5A/W-C02 
and 5A/W-C02( l/2)- I2p 
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B.  Water Preloading Sequence on Linde 5A, Run No. 5A/W-C02( I /2)-13p 

Figure 6-14. Water Preloading Sequences on Linde 5A, Run Nos. I 
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TIN (minutes) 

A. C02 Adsorp t ion  Breakthrough on Linde 13X With 7.5% Uni form 

Water Preload, Run No. I3X/W-C02( l/2)-l 

Tine (minutes) 

B. Gas S t r i p  of C02 From Linde 13X Wi th  7.5% Uni form Water 
Preload, Run No. I3X/W-C02( 1/2)-2s 

F igu re  6-18. CO Adsorp t ion  Breakthrough Run No. I3X/W-CO2( l/2i)-l 
an 8 Gas S t r i p  Run No. 13X/W-C02(1/2)-2s 
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Tim (minutes) 

A. C02 Adsorp t ion  Breakthrough on Linde 13X With 7.5% Uni form 
Water Preload, Run No. 13X/W-C02( 1/2)-3 

i im (minutes) 

B. Gas S t r i p  of C02 From Linde 5A Wi th  7.5% Uni form Water 
Pre load, Run No. I3X/W-C02( I /2)-4s 

F igu re  6-19. C02 Adsorp t ion  Breakthrough Run No. I3X/W-C02( l / 2 ) - 3  
and Gas S t r i p  Run No. 13X/W-CO2(I/2)-4s 
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A. Water Preloading Sequence on Linde 13X, Run No. 13X/W-C02(1/2)-7p 
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B. Water Preloading Sequence on Linde 13X, Run No. I3X/W-C02( l/2)-9p 

Figure 6-23. Water Preloading Sequences on Linde 13X Run Nos. 
I 3X/W-C02( I /2) -7p and 13X/W-C02( I /2) -9p 
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Figure 6-27. Predicted Water Preloads on Molecular Sieve 13X 
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SECTION 7 

PERFORMANCE PREDICTION COMPUTER PROGRAMS 

S9960, TRANS I ENT PERFORMANCE - PRED ICTION 
FOR C02 REMOVAL WITH SINGLE OR COMPOSITE SORBENT BEDS 

Program S9960 f o r  water-dump/CO2-dump composite sorbent  beds ( o r i g i n a l l y  
produced by  AiResearch under another NASA c o n t r a c t )  was t h e  f i  r s t  program 
d e l i v e r e d  t o  NASA Langley Research Center under t h i s  con t rac t .  Under t h i s  
con t rac t ,  some updat ing  o f  the  program was made and f u l l  documentation was 
prepared (Reference I ) .  
Univac I108 computer systems. 

I t  has been checked o u t  thorough ly  on CDC-6600 and 

T h i s  program dea ls  w i t h  systems such as t h e  Skylab RCRS where b o t h  water  
and CO a re  dumped t o  vacuum. The program o p t i o n a l l y  a l l ows  f o r  i n t e r n a l  
coolan$ passages, o r  a d i a b a t i c  beds can be simulated. 
employed i n  the f iesiccant and C02-removal s e t t i o n s  o f  the bed. 
t i o n  i s  the  main deso rp t i on  mode, b u t  gas s t r i p p i n g  s imu la t i ons  can be made 
by proper  i n p u t  data assignments. 

Any sorbents can be 
Vacuum desorp- 

The program was used e x c l u s i v e l y  i n  the mass-transfer c o e f f i c i e n t  evalua- 
t i o n s  as presented i n  Sec t ion  5. I n  t h i s  case, by i n p u t  data assignments, 
the bed was con f igu red  t o  h o l d  o n l y  one type o f  sorbent and o n l y  one sorba te  
was conta ined i n  the  proces,s gas stream. Also, f o r  the eva lua t ion ,  the  pa r -  
t i c u l a r  o p t i o n  was s p e c i f i e d  which caused the p r e d i c t i o n s  t o  be made f o r  
isothermal beds. If warranted, bed heat t r a r i s f e r  cou ld  have been simulated. 
However, t h i s  would have in t roduced  a g rea t  deal o f  complex i ty  i n t o  the  mass- 
t r a n s f e r  c o e f f i c i e n t  eva lua t i ons .  For the eva lua t ions ,  a s p e c i f i c  main p ro -  
gram and p r i n t e d  o u t p u t  program were devised. These programs make i t  e a s i e r  
t o  run  successive breakthrough p r e d i c t i o n s  w i t h  d i f f e r e n t  K and D va lues ;  
these new programs a r e  g i ven  l a t e r  i n  t h i s  sec t ion .  g 

MAIN 48, PERFORMANCE PREDICTION PROGRAM 
FOR C02-REMOVAL SORBENT SYSTEMS WITH MULTIPLE BEDS 

MAIN 48 i s  an extended v e r s i o n  o f  program S9960. A l l  o f  t he  re f inements  
and a d d i t i o n s  t o  M A I N  48 were made under t h i s  c o n t r a c t .  The documentation 
o f  t h i s  ex tens i ve  program i s  con ta ined  i n  Reference 1 .  

Many o f  the  numerical schemes used by MAIN 48 a r e  e s s e n t i a l l y  the  same as 
S9960, and i t  uses many subrout ines  w r i t t e n  e a r l i e r .  Several fea tures  a r e  
i nc luded  i n  the  program t h a t  were n o t  considered i n  S9960: 

B 

8 Es t ima t ion  o f  overboard gas losses, oxygen and n i t r o g e n  

The po ison ing  e f f e c t  o f  gradual water b u i l d u p  on t h e  C02 sorbent 

o Two- and four-bed c a p a b i l i t y  
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o An o p t i o n  t o  b l l o w  e l e c t r i c  heater  i n c l u s i o n  i n  the bed 

o The c a p a b i l i t y  t o  analyze desorp t ion  when vacuum pumping i s  inc luded 
i n  the system 

By cons ide r ing  ( I )  the  po ison ing  o f  the COO-removal bed by water and (2 )  
the  adso rp t i on  and subsequent l o s s  o f  atmospher ic gases 02 and Ne, t h i s  program 
t r e a t s  some o f  the  very impor tan t  second-order e f f e c t s  due t o  coadsorpt ion.  
Even though the program does n o t  handle the coadsorp t ion  i n  a thoroughly  ' 

r i go rous  manner, i t  should p rov ide  good resu l ts ,  which w i l l  prove q u i t e  va lh -  
ab le  i n  system design and o p t i m i z a t i o n  work. 
v e r s a t i l e  then S9960 i n  t h a t  i t  can handle two- or f o u r  bed systems w i th  
wa t e  r/C02- dump o r  -save p r o v i  s i ons. 

The program i s  much more 

PROGRAM ADDITIONS TO S9960 

Revised Main Program S9960 and Revised P r i n t  Subrout ine PRADSB 

Appendices A, B and C p resent  computer programs which a re  a d d i t i o n s  t o  
the program s e r i e s  S9960. The new programs have been w r i t t e n  t o  f a c i l i t a t e  
the e v a l u a t i o n  o f  mass- t ransfer  c o e f f i c i e n t s  f rom the exper imental  dynamic 
data as discussed i n  Sec t ion  5. I n  Appendix A, a new v e r s i o n  o f  main program 
S9960 i s  presented. 
c y c l e  p red ic t i ons ,  each s t a r t i n g  w i t h  the  same i n i t i a l  cond i t ions ,  b u t  each 
w i t h  a d i f f e r i n g  s e t  o f  mags-transfer parameters K and D ( F o r t r a n  v a r i a b l e s  
GK and DIF). 
f o r  p r i n t e d  ou tpu t  presented i n  Appendix 6. I t  is ,  however, compat ib le  w i t h  
the o r i g i n a l  PRADSB r o u t i n e  (S9979), which i s  inc luded i n  Reference 1 .  

This  program i s  used t o  run  back-to-back adso rp t i on  ha l ' f -  

9 The program i s  in tended t o  be used w i t h  the  new PRADSB subrout ine  

The new main program requ i res  some i n p u t  by means o f  punched data cards.  
The f i r s t  c a r d  o f  t h e  data deck i s  a heading card. The in fo rma t ion  on t h i s  
card  i s  p r i n t e d  on the f i r s t  l i n e  o f  each page o f  ou tpu t  du r ing  the e n t i r e  
computer run. Fo l l ow ing  the heading card  i n  the data deck a re  the cards which 
s p e c i f y  the  va lues o f  GK and DIF t o  be a p p l i e d  t o  the d i f f e r e n t  p r e d i c t i o n s .  
One p a i r  o f  GK and DIF values a re  conta ined on each card;  the individual GK 
and DIF values (named . l o c a l l y  as GKR and DIFR) a re  t o  be a p p l i e d  t o  a l l  nodes. 
Thus, t h i s  main program can o n l y  be used where GK and DIF a re  des i red  t o  be 
constant  throughout the bed. I n  order  t h a t  the second and successive p r e d i c -  
t i o n s  s t a r t  w i t h  the same i n i t i a l  c o n d i t i o n s  as g iven Pn the  BLOCK DATA pro-  
gram (S9993), t h i s  new main program s tores  the  i n i t i a l  c o n d i t i o n s  on a 
sc ra tch  dev ice and res to res  them t o  core a t  the s t a r t  o f  each successive run. 
I t  i s  a l s o  noted t h a t  the  card  i n p u t  data f o r  G K  and DIF o v e r r i d e  the data 
conta ined i n  t h e  BLOCK DATA program. 

A lso  t o  belpunched on each data card  ( i n  the t h i r d  ten-column f i e l d )  i s  
the  i n t e g e r  i n d i c a t o r  IPRINT. Th is  i n d i c a t o r  when z e r o  o r  blank, i n s t r u c t s  
the new PRADSB program t o  p r i n t  on l y  o u t l e t  q u a n t i t i e s  vs s o r p t i o n  time, 
g i v i n g  a tremendous savings i n  p r i n t e r  t ime and number o f  pages, when on ly  
t h i s  i n fo rma t ion  i s  desi red. When g rea te r  than zero, quant i  t i e s  f o r  a1 1 
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f i n ;  te -d i  f f e r e n c e  elements throughout  the bed a r e  p r i n r e d  by PRADSB, b u t  w i t h  
a more compact format  than i n  the  e a r l i e r  vers ion .  I n  a d d i t i o n  t o  format  
changes, t h e  new PRADSB g ives  va lues f o r  gas-phase c o n c e n t r a t i o n  f o r  b o t h  
water  and CO as w e l l  as t h e  p a r t i a l  pressures.  The c o n c e n t r a t i o n  va lues 
a r e  those d e f i n e d  by Equat ions 4-1 and 4-2. For user  convenience, va lues o f  
GKR and DIFR a r e  p r i n t e d  w i t h  t h e  heading on each page o f  ou tpu t .  

2, 

The new v e r s i o n  o f  PRADSB can be Tused as i s  w i  t h  the  e x i s t i n g  program s e t  
descr ibed i n  Reference 1 .  However, heading i n f o r m a t i o n  and the  IPRINT i n d i -  
c a t o r  should be added t o  t h e  BLOCK DATA program i f  one wants t o  use t h e  f u l l  
c a p a b i l i t i e s  o f  t h e  new o u t p u t  program. 

1 

Equi 1 i b r i u m  Data Subrout ine PKEQ 

Appendix C l i s t s  t h e  new, tab le- lookup PKEQ subrout ine  
( f o r  sorbent /sorba te  equi 1 i b r i u m  data) .  
i n  the mass- t rans fer  c o e f f i c i e n t  e v a l u a t i o n s  o f  Sec t ion  4 .  The tab le - lookup 
concept was r e s o r t e d , t o  when i t  became ext remely d i f f i c u l t  t o  o b t a i n  
e q u i l i b r i u m - d a t a  curve f i t s  w i t h  s u f f i c i e n t  accuracy f o r  these eva lua t ions .  
I n  t h i s  regard, t h e  program has worked very  w e l l ;  and w i t h o u t  needing t o  
c u r v e - f i t  each e q u i l i b r i u m  isotherm, i t  i s  much e a s i e r  t o  prepare e q u i l i b r i u m  
data f o r  use. 

T h i s  r o u t i n e  has been used e x c l u s i v e l y  

, 
The method f o r  u s i n g  t h e  program, and requirements on the t a b l e d  e q u i l i -  

br ium data a r e  conta ined i n  the  comment cards i n c l u d e d  i n  t h e  F o r t r a n  l i s t i n g .  
As an example o f  t h e  s forage o f  a s i n g l e  e q u i l i b r i u m  isotherm,, t h e  l i s t i n g  i n  
Appendix C con ta ins  data f o r  C02 on Davison 5A molecu la r  s ieve  a t  7OoF. Pro-, 
gram computat ions a r e  about 30 percent  s lower u s i n g  t h e  tab le - lpokup v e r s i o n  
o f  PKEQ, b u t a t h e  ease o f  use, when adequate curve f i t s  a re  n o t  a l ready  a v a i l -  
able, more than j u s t i f i e s  the  e x t r a  computat ion cos t .  

I 

EQUILIBRIUM DATA CURVE FITTING PROGRAM 
$ !  

I n  order  t o  use program se t ,  S9960, the user .must  produce a F o r t r a n  sub- 
r o u t i n e  PKEQ which upon ca1.1, f o r  the  sorbents  o f  i n t e r e s t ;  w i l l  y i e l d  sorbate 
e q u i l i b r i u m  p a r t i a l  pressure as a f u n c t i o n  o f  sorbent  load ing  and temperature. 
T h i s  i s  discussed f u l l y  i n  Reference I .  The program discussed above f u l f i l l s  
t h i s  need w,ith l i t t l e  setup be ing  r e q u i r e d  o f  t h e  program user.  However, f rom 
the view p o i n t  o f  computat ion speed, a c losed- form a l g e b r a i c  express ion i s  
des i red- - in  e f f e c t  a .curve f i t  ( o r  a map f i t )  o f  the  e q u i l i b r i u m  data f o r  the  
sorbent /sorbate p a i r .  .Experience has shown t h a t  i t  i s  o f t e n  q u i t e  d i f f i c u l t  
t o  o b t a i n  such a curve 'or map f i t  w i t h  s u f f i c i e n t  accuracy f o r  des ign purposes. 
Many o f  the c l a s s i c a l  isotherm expressions (Langmuir, Freundl  ich, BET, etc . )  
have been t r i e d ;  the  usual  r e s u l t s  a re  curve f i t s  t h a t  may have t h e  c o r r e c t  
shapes> b u t  a re  not accurqte enough. More success has been achieved w i t h  
c o r r e l a t i o n  equatitons which may resemble the t h e o r e t i c a l  i sotherm expressions, 
b u t  which possess on,e o r  more a r b i t r a r y  groupingsof  terms and parameters. 

I 
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I n  o rde r  t o  f a c i l i t a t e  the  c u r v e - f i t t i n g  o f  e q u i l i b r i u m  isotherms and 
maps, a spec ia l  program has been developed. Th is  program and i t s  method o f  
use a r e  presented i n  Appendix D. The program con ta ins  35 d i f f e r e n t  c o r r e l a t i o n -  
equat ion  forms. The program produces c o e f f i c i e n t s  and exponents f o r  t he  co r re -  
l a t i o n  equations, and shows the  d e v i a t i o n  between the  p r e d i c t e d  values and the  
data used f o r  i npu t .  I f  one i s  t o  be concerned w i t h  a l a r g e  amount o f  
performance-predi c t  i on compu t a  t i ons f o r  ce r  t a  i n sorba te/sorben t pa i rs, the  use 
o f  t h i s  program i s  suggested. I f  s u f f i c i e n t l y  adequate c o r r e l a t i o n s  r e s u l t ,  
computer t ime i s  saved. I f  c o r r e l a t i o n s  a r e  n o t  cons idered adequate, t he  
t a b l e  lookup v e r s i o n  o f  PKEQ can be used. 
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SECTION 8 

PRESSURE DROP AND PACKED-BED DENSITIES 

PRESSURE DROP 

The knowledge o f  pressure drop sus ta ined by the  process gas stream f l o w i n g  
through a packed bed i s  an e s s e n t i a l  p iece  o f  i n f o r m a t i o n  needed i n  t h e  design 
o f  any f i xed-bed sorbent  system. A l l  o f  the  sorbents  s t u d i e d  i n  t h i s  program 
have been i n  la rge-sca le  commercial use f o r  severa l  years, and because o f  t h i s ,  
cons iderab le  i n f o r m a t i o n  i s  a v a i l a b l e  on pressure drop. However, because o f  
the p l a t e - f i n  h e a t - t r a n s f e r  sur faces incorpora ted  i n  the  t e s t  beds, a s i t u a -  
t i o n  r a r e l y  i f  ever encountered i n  t h e  chemical process indus t ry ,  i t  was 
d e s i r e d  t o  p r o v i d e  accura te  exper imental  pressure drop data.  I t  should be 
noted t h a t  the e f f e c t  o f  the  p l a t e - f i n  sur faces was expected t o  be r e l a t i v e l y  
smal l .  General ly,  i t  would seem t h a t  the a d d i t i o n a l  w a l l  e f f e c t  i n  the  p l a t e -  
f i n  beds would tend t o  produce s l i g h t l y  less  pressure drop. 

I n  a l l  a d s o r p t i o n  and gas s t r i p p i n g  runs, bed pressure drop was measured 
by a p r e c i  s i o n  Wal lace  and T ie rnan d i f f e r e n t i a l  pressure gage. Wi th  s i  1 i c a  
gel  (Davison, Grade 05, 6 t o  16 mesh p a r t i c l e s ) ,  the range and number o f  ex- 
per imenta l  t e s t s  p rov ided enough data t o  c h a r a c t e r i z e  pressure drop performance 
o f  the  m a t e r i a l .  W i t h  L inde 5A and 13X molecular  s ieves ( I / i 6 - i n .  p e l l e t s ) ,  
the exper imental  range was n o t  cons idered as g r e a t  as desi red, so a separate 
pressure-drop t e s t  s e r i e s  was conducted. W i t h  these tests ,  b o t h  an i n c l i n e d  
o i l  manometer, and a Bara t ron  e l e c t r o n i c  pressure i n d i c a t o r  were added t o  the  
ins t rumenta t ion .  For Davison 5A molecular  s i e v e  m a t e r i a l ,  so l i t t l e  a d s o r p t i o n  
t e s t i n g  was accomplished, t h a t  no pressure drop data i s  r e p o r t e d  here. A s  
spher ica l  beads, t h i s  m a t e r i a l  packed w e l l  i n  the  t e s t  beds, and i t  i s  expected 
t h a t  pressure drop can be p r e d i c t e d  e a s i l y  by u s i n g  c o r r e l a t i o n s  f o r  packed 
beds o f  spheres. One such c o r r e l a t i o n ,  due t o  Ergun, i s  g iven  by Davison 
(Ref e rence 9). 

I n  a l l  o f  t h e  i n f o r m a t i o n  t h a t  f o l l o w s  i t  should be no ted  t h a t  the pres-  
sure drop o f  the  empty bed, i n c l u d i n g  t h a t  o f  the two 25-mesh s o r b e n t - r e t e n t i o n  
screens, was measured t o  be so low t h a t  i t  was ignored. That is, the pressure 
drop as measured i s  due e n t i r e l y  t o  the f l o w  through the  sorbent  packing. 
Because o f  the i n o r g a n i c  n a t u r e  o f  the sorbents, t h e r e  was expected t o  be no 
e f f e c t  on pressure drop due t o  the  amount of  sorba te  h e l d  by the  bed; no such 
e f f e c t  was ever observed. I n  o t h e r  words, t h e r e  i s  no geometr ic change 
(swe l l ing ,  shrinkage, e t c )  o f  these sorbents as they p i c k  up water  o r  C02. 

The pressure drop data f o r  s i l i c a  ge l  was c o r r e l a t e d  so w e l l  by t h e  
express ion g iven by the Davison d i v i s i o n  o f  W.R. Grace and Co. (Reference IO), 
t h a t  no data curves are  presented here.  The Davison pressure drop equat ion  i s  

where AP/L i s  the pressure drop i n  p s i  per  f o o t  o f  bed depth, and V, the  
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s u p e r f i c i a l  v e l o c i t y ,  i s  i n  f t / s e c .  I t  should be noted t h a t  i n  c a l c u l a t i n g  V 
f o r  t h e  p l a t e - f i n  beds, the  bed s u p e r f i c i a l  f r e e - f l o w  area from Table 4-12 
was used. T h i s  area does n o t  i n c l u d e  the  c ross-sec t iona l  areas o f  the  c o o l a n t  
passages, the  p la tes ,  o r  t h e  gas s i d e  f i n s .  I t  i s  thus a n e t  s u p e r f i c i a l  area. 
For a i r ,  Davison g ives  f o r  t h e  c o e f f i c i e n t  K t h e  va lue  0.10; f o r  the  exponent 
in, 1.5. These values c o r r e l a t e d  w e l l  t h e  n i t r o g e n  pressure  drops i n  the  1/2- 
i n . - f i n  bed a t  5 ps ia .  

The t e s t  data f o r  L inde 1/16-in. mo lecu la r -s ieve  p e l l e t s  a r e  shown i n  
F i g u r e  8-1. These data were a c t u a l l y  taken on 13X molecular  s ieve ;  b u t  s ince  
a l l  o f  the  L inde 1/16-in. p e l l e t e d  m a t e r i a l s  appear d imens iona l l y  s i m i l a r ,  
these data should be v a l i d  f o r  o t h e r  molecular  s ieves o f  t h i s  c o n f i g u r a t i o n .  
The data f o r  F igure  8-1 cover  the  pressure range from 5 t o  14.7 p s i a  ( 2 5 8  t o  
760 mm Hg) and the bed f l o w  r a t e  o f  0.5 t o  5.4 l.b/hr. 
f i g u r e  i s  pressure drop ( i n .  H20) per  u n i t  o f  f l o w  l e n g t h  ( f t )  t imes the  den- 
s i t y  r a t i o  0, which r e l a t e s  the  a c t u a l  gas d e n s i t y  i n  l b / f t 3  t o  t h a t  a t  s tan-  
dard condi t ions,  0.07176 l b / f t 3 .  
f r e e - f l o w  area ( l b / h r - f t 2 ) .  W i t h i n  t h e  accuracy r e q u i r e d  f o r  design, a1 1 o f  
the data f o r  b o t h  beds, a t  a1 1 o f  the  t e s t  pressures, c o u l d  have been repre-  
sented by one 1 ine.  

The o r d i n a t e  o f  the  

The absc issa i s  f l o w  r a t e  per  u n i t  s u p e r f i c i a l  

PAC KED-B ED DENS1 TY 

Because o f  the p l a t e - f i n  h e a t - t r a n s f e r  sur faces incorpora ted  i n t o  t h e  
sorbent  beds, packed-bed d e n s i t y  (sometimes c a l l e d  b u l k  sorbent  d e n s i t y )  would 
be expected t o  v a r y  w i t h  f i n  s i z e  and would n o t  c o i n c i d e  w i t h  p r e d i c t e d  va lues 
which are  based upon the  l a r g e  beds as found i n  i n d u s t r y .  To i n v e s t i g a t e  t h e  
e f f e c t  o f  f i n  s i z e  on packed-bed densi ty,  f o u r  smal l  bed modules were const ruc-  
ted. Three o f  t h e  beds conta ined o f f s e t  f i n  sur faces o f  t h e  type used i n  the 
t e s t  beds discussed i n  Sec t ion  4; i .e.,  1/4- in.  l /2- in. ,  and I - i n .  f i n  h e i g h t  
and spacing. The f o u r t h  bed was l e f t  empty. The modules were approx imate ly  
2 i n .  by 2 i n .  a t  t h e  face, w i t h  a 4 i n .  bed depth. To f a c i  1 i t a t e  the  packed 
d e n s i t y  measurements a l l  o f  the  beds were welded c losed a t  one end. 

Using the  general  procedure f o r  pack ing descr ibed i n  Sec t ion  4, t h e  beds 
were packed w i t h  sorbent  and weighed i n  a n i t r o g e n  dry  box. A f t e r  t h e  v a r i o u s  
packings and weighings were completed, bed f r e e  volumes were determined by 
f i l l i n g  w i t h  water and weighing. 

Table 8-1 presents  packed bed d e n s i t i e s  as a f u n c t i o n  o f  f i n  size, as 
d e r i v e d  from the  bed modules and from the dynamic t e s t  beds. For reference, 
b u l k  d e n s i t y  f rom manufac turer ' s  l i t e r a t u r e  i s  a l s o  given. There i s  some 
s c a t t e r  i n  the  d e n s i t y  measurements g iven i n  t h e  table,  b u t  a d e f i n i t e  t r e n d  
w i t h  f i n  s i z e  i s  ev ident .  Dens i ty  v a r i a t i o n s  f o r  the dynamic t e s t  beds stem 
from improved pack ing techniques as the program progressed, and the  p o s s i b i l i t y  
t h a t  t h e  r e t e n t i o n  screens were bulged, thus a l l o w i n g  more sorbent  t o  be held.  
The d e n s i t i e s  o f  t h e  bed modules have n o t  been c o r r e c t e d  f o r  n i t r o g e n  adsorp- 
t i o n ;  t h i s  c o u l d  be about I percent  f o r  the  molecu la r  s ieves. Presumably, a l l  
sorbents used f o r  t h e  bed modules were d r y  due t o  bakeouts p rev ious  t o  packing. 
However, i t  i s  p o s s i b l e  t h a t  some s i g n i f i c a n t  water  p ickup c o u l d  have occur red  
d u r i n g  the  pack ing t e s t  procedure. 
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TABLE 8-1 

PACKED-BED DENSITIES I N  FINNED SORBENT BEDS 

S i l i c a  Gel 
(Davi son Grade 0 5 )  
6 t o  16 Mesh 

38.8 

41.7 

43.0 

F i n  Size and Bed 

I / 4 -  i n. - f  i n bed modu 1 e 

I / 2 - i  n. - f i n  bed modul e 

L inde 13X 
I / I  6- i  n. 
Pel l e t s  

39.3 

4 3 .  I 

39.7 
41.1 

1 / 2 - i n . - f i n  t e s t  bed 

45.2 

43.6 
49.7 

I - i n . - f i n  bed module 

I - i n . - f i n  t e s t  bed 

43.  I 

43.0  

I 

44.0 

43.2 

Empty bed module 

Manufacturer 's  b u l k  
dens i t y  

43.3 

39.0 
43.2 

43 

I 

44 

I 

I 

4 6 - 1  I 44.4 I 
I 
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SECTION 9 

CONCLUSIONS AND RECOMMENDATIONS 

The e f f o r t s  under t h i s  c o n t r a c t  have p rov ided  two la rge -sca le  computer 
program s e t s  t o  p r e d i c t  t he  t r a n s i e n t  performance o f  spacecraft,  regenerable, 
C02-removal systems wh ich  employ molecu la r  s i e v e  adsorbents. The f i r s t  p ro -  
gram f o r  tWO-bed, water-dump/C02-dump systems (Reference I ) has a l  ready seen 
ex tens ive  use i n  the  design and e v a l u a t i o n  o f  a c t u a l  spacecra f t  C02-removal 
systems. Th’e second program (Reference I ) p rov ides  a s i g n i f i c a n t  a m p l i f i c a -  
t i o n  and update o f  the  f i r s t  program. I t  can be used f o r  two- o r  four -bed 
systems w i t h  e i t h e r  water-, o r  C02-, save o r  dump p rov i s ions .  Further, the 
new program t r e a t s  some coadsorp t i  on phenomena, (po i  soning and atmospheric 
gas losses)  which, a1 though cons idered second-order e f fec ts ,  can dominate the  
design o f  such systems. Several o t h e r  ref inements and a d d i t i o n s  a r e  i nc luded  
i n  t h i s  we1 1 checked-out program. 

The e q u i l i b r i u m  behav io r  o f  several  sorbent/sorbate systems was inves- 
t i g a t e d  i n  one o f  t he  l a t e s t ,  most well-equipped, exper imental  setups o f  i t s  
k ind .  The i n v e s t i g a t i o n s  a l s o  produced data on the  e q u i l i b r i u m  behav io r  o f  
mo lecu la r  s ieves  when two sorbates a r e  coadsorbed. Very l i t t l e  i n f o r m a t i o n  
o f  t h i s .  na tu re  was p r e v i o u s l y  a v a i l a b l e .  

The dynamic behav io r  o f  s p e c i a l l y - c o n s t r u c t e d  molecu la r -s ieve  sorbent 
beds was s t u d i e d  i n  a s p e c i a l l y  designed exper imental  setup. The t e s t  beds 
c o n t a i n  very  e f f i c i e n t  p l a t e - f  in, o f f s e t ,  h e a t - t r a n s f e r  surfaces, designed 
f o r  sorbent  bed a p p l i c a t i o n s .  
t e s t  program. I n  general, f i n  h e i g h t  and spacing o f  1 /2  i n .  p rov ides  good 
bed h e a t - t r a n s f e r  performance, w h i l e  a l l o w i n g  good packed bed dens i t y .  A l -  
though n o t  tested, 3 /8 - inch  f i n s  should p r o v i d e  good heat-  and mass-transfer 
performance. F ins  as l a r g e  as I - i n c h  high, spaced I i n c h  apart,  should be 
avoided. To l i m i t  channe l ing  t o  a s u f f i c i e n t l y  low amount, o f f s e t  f i n s  should 
be provided. 

D i f f e r i n g  s i z e s  o f  f i n s  were eva lua ted  i n  the  

On t h e  b a s i s  o f  s ing le -so rba te  breakthrough tests,  mass- t rans fer  c o e f f i -  
c i e n t  and i n t r a p a r t i c l e  d i f f u s i v i t i e s  were evaluated. Fdr a1 1 t e s t s  i n v o l v i n g  
molecu la r  s ieves  5A and 13X, and s i l i c a  gel, i n t r a p a r t i c l e  d i f f u s i o n  r e s i s -  
tance i s  q u i t e  low. Therefore, l a r g e  va lues  o f  e f f e c t i v e  d i f f u s i v i t y  should 
be used i n  per fo rmance-pred ic t ion  programs. For t h e  systems studied, mass- 
t r a n s f e r  c o e f f i c i e n t  values a r e  recommended. These values seem somewhat low 
compared t o  pub l i shed  c o r r e l a t i o n s .  Howeiler, i t  i s  considered t h a t  the  low 
values compensate f o r  unavoidable noni sothermal e f f e c t s  ( a t  the  mass-transfer 
f r o n t )  i n  the  dynamic tests,  and the  phenomenon o f  a x i a l  d i s p e r s i o n  which i s  
n o t  cons idered i n  the  per fo rmance-pred ic t ion  programs. These programs, when 
used w i t h  the  recommended mass- t rans fer  parameters, should p rov ide  good 
t r a n s i e n t  performance p red ic t i ons ,  over a wide range o f  bed geometries and 
condi t i o n s .  

The e f f e c t  o f  coadsorbed water  and CO on the  dynamic behav io r  o f  
mo lecu la r  s ieve  beds was s tud ied .  For p r e  5 r i e r  beds, where water  p i ckup  
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i s  o f  i n t e r e s t ,  the presence o f  602 i n  the  gas stream may be ignored. 
C02-removal beds, the  presence o f  water, even i n  smal l  q u a n t i t i e s ,  has a l a rge  
and impor tan t  e f f e c t .  I 
when water  i s  coadsorbed; b e i n g  one-ha l f  o f  t h e  d r y  value when water  l o a d i n g /  
i s  about 4 percent;  and p r a c t i c a l l y  n i l  when water  l o a d i n g  reaches 8 percent ,  
Further,  as water i s  coadsorbed, the  C02 adso rp t i on  r a t e  c o e f f i c i e n t s  d e c l i n e  
markedly. I t  i s  cons idered t h a t  d i f f u s i o n  i n  the  sorbent p e l l e t s  i s  h indered 
by the  presence o f  water.  

For 

E q u i l i b r i u m  capac i t y  f o r  C02 i s  d r a s t i c a l l y  lowered 

A t  the present  time, techniques f o r  design and performance e v a l u a t i o n  
o f  regenerable C02-removal systems u s i n g  molecu la r  s ieves a r e  h i g h l y  developed. 
One can f e e l  c o n f i d e n t  t h a t  mo lecu la r  s ieve  sorbent systems w i l l  meet t h e  
s t r i n g e n t  o b j e c t i v e s  o f  space hardware, i n c l u d i n g  low we igh t  and volume pen- 
a l t i e s  and r e l i a b l e  l ong  l i f e .  Much o f  the  i n f o r m a t i o n  and many o f  the t o o l s  
discussed i n  t h i s  r e p o r t  have a l ready  been used i n  the  improvement o f  bo th  
C02-removal systems and the  techniques used i n  t h e i r  design. S t i l l ,  w i t h  
changing spacecra f t  cond i t ions ,  t he re  a r e  areas where cont inued study and 
development should be undertaken. A t  the present  time, w i t h  lower des i red  
l e v e l s  o f  C02 p a r t i a l  p ressure  (3 mm Hg) and h ighe r  cab in  pressures, f u l l  
system design s t u d i e s  should be implemented. I t  i s  acknowledged t h a t  
mo lecu la r -s ieve  sorbents do n o t  have l a r g e  C02 c a p a c i t i e s  a t  such low p a r t i a l  
pressure, b u t  as demonstrated i n  t h i s  program w i t h  t e s t s  i n v o l v i n g  1.75 mm Hg 

molecu la r  s ieves  show e x c e l l e n t  dynamic performance even i n  t h i s  range. Pco2, 

Also, many inhe ren t  q u a l i t i e s  o f  mo lecu la r  s ieves  ( t h e i r  inertness, dimensional 
s t a b i  1 i ty, t o le rance  t o  vacuum, e t c )  a r e  n o t  a f f e c t e d  by the  newer cond i t i ons .  
F u l l  system d e s i g d t r a d e o f f  s tud ies  would be en l igh ten ing ,  e s p e c i a l l y  i n  view 
of the  new and u n t r i e d  schemes f o r  C02 removal t h a t  a r e  now be ing  considered. 

Further, i t  i s  b e l i e v e d  t h a t  b a s i c  improvements can be made i n  mo lecu la r - s ieve  
C02-removal systems even a t  t h i s  stage i n  t h e i r  development. Up t o  t h i s  time, 
mo lecu la r  s ieve  5A has been the  cho ice  f o r  the C02 sorbent.  
p a r t i a l  pressures, (about 4 mm Hg and below) 4A has h ighe r  e q u i l i b r i u m  capac i t y  
than 5A. I t  i s  p o s s i b l e  t h a t  w i t h  smal le r  pore  openings, t he  dynamic p e r f o r -  
mance o f  4A might be poorer  than t h a t  o f  5A. However, the  comparison t e s t s  
should be made. Also, a t  the  p resen t  time, b o t h  L inde and Davison a r e  market- 
i n g  4A and 5A molecu la r  s ieves  w i t h o u t  b inder .  These m a t e r i a l s  have the  
p o t e n t i a l  o f  p r o v i d i n g  an immediate 20 percent  inc rease i n  capac i t y  as corn,- 
pared t o  t h e i r  c lay -b inde r  counterpar ts .  Both e q u i l i b r i u m  and dynamic t e s t s  
would be warranted. 
a r e  desired. Mo lecu la r  s i e v e  3A, o r  o t h e r  l a r g e - c a t i o n  s u b s t i t u t e d  sorbents 
may be u s e f u l  here. There a r e  a number o f  design fea tu res  t h a t  need e x p l o r i n g .  
One such feature, t o  l i m i t  the  l o s s  o f  atmospheric gases (02 and N2), i nvo l ves  
the pressure  e q u a l i z a t i o n  o f  c l o s e d - o f f  desorbing and adsorb ing  beds be fo re  
swi tch ing .  I t  i s  cons idered t h a t  a l a r g e  f r a c t i o n  o f  atmospheric gases on 
t h e  adsorb ing  bed would be q u i c k l y  desorbed and saved by t h i s  opera t ion .  Other 
fea tu res  such as mu1 t i  p o i n t  desorp t ion  bear study. 

However, a t  low 

P r e a r i e r  sorbents t h a t  have low c a p a c i t i e s  f o r  O 2  and N2 

From the  v iewpo in t  o f  p r o v i d i n g  b e t t e r  b a s i c  data, more coadsorp t ion  
e q u i l i b r i u m  and dynamic t e s t i n g  would be f r u i t f u l .  Computer program improve- 
ment c o u l d  i n v o l v e  the  e f f e c t s  o f  l o n g i t u d i n a l  o r  a x i a l  dispersion.% More 
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i n fo rma t ion  o f  r a t e  e f f e c t s  w i t h  coadsorpt ion would be wei&med. 
areas, rechecks o f  s ing le -sorba te  equi 1 i b r i u n  data would be a f  i n t e r e s t .  

f n  Some 
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APPENDIX A 

L I S T I N G  OF REVISED MAIN PROGRAM S9950 
FOR EXECUTING BACK-TO-BACK HALF-CYCLE COMPUTATIONS 

USING THE SAME I N I T I A L  CONDITIONS BUT DIFFERING VALUES OF GK AND D I F .  

@ 

000001 
000002 
000003 
000004 
000005 
000006 
000007 
000008 
000009 
000010 
000011 
000012 
000013 
000014 
000015 
000016 
000017 
OOOole 
000019 
000020 
000021 
000022 

000024 
000025 
000026 
000027 
000028 
000029 
000030 
000031 
000032 
000033 

oaoo23 
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A P P E N D I X  B 

000001 
000002 
000003 
000004 
000005 
000006 
000007 
000008 
000009 
000010 
0 0 0 0 1 1  
000012 
000013 
000014 
000015 
000016 
000017 
000018 
000019 
000020 
0 0 0 0 2 1  
000022 
000023 
000024 
000025 
000026 
000027 
000028 

000030 
000031 
000032 
000033 
000034 
000035 
000036 
000037 
000038 
000039 
000040 
0 0 0 0 4 1  
000042 
000043 
000044 
000045 
000046 
000047 
000048 
000049 
000050 
000051 
000052 
000053 
000054 
000055 
000056 

000058 

oooa29 

000057 

L I S T I N G  OF R E V I S E D  P R I N T E D  OUTPUT PROGRAM PRADSB 

e ELT S P 9 7 9 n l t 7 0 0 1 2 1 r  5 9 4 5 1  8 1 

SUBROUTINE PRADSB 

COMMON /BLOK16/ NDXMAC, PCOPC, VOLCAB, RCO2C 
COMMON /BLOK17/ NSTART 

C 
I 

C 
2 

c 

4000 

4003 

4004 

EQUIVALENCE(NDXsNDX1) 
COMMON /HEAD/ HEADNG(20)r [PRINT, NLINE 
DIMENSION CONC02(41)r CONH20(41) 
DATA NLINE/lOO/ 

IF (NLINE*NE* lOO)  GO TO 2 

IF ((NDXeEQ. B) .ORe(NDX*EQ*lB))  NSPACE = 3 
I F  ( (NDX*EQ* P).ORe(NDXeEQ.19)) NSPACE 2 
IF ( ( N D X . E Q . l U ) * O R e ( N D X e E Q * 2 0 ) )  NSPACE = 1 

NSPACE = 4 

AVPH2O = SUMPTMITIME 
AVH20P ~FMR*AVPH20*1~. / (PA*GMW) 

I F  L(IPRINT*EQ*O1.AND.(NLINE.LT.60))  GO TO 1 0  

WRITE (6 ,4000)  HEADNG 
FORMAT ( l H l l b X 2 0 A 4 )  
NLINE = 1 
WRITE (6 ,4003)  G K ( l ) t D I F ( l )  

I F  ((IPRINTIGT.O).AND.((~O~NLINE).GEI(NDX+~)~) GO T O  1 0  

FORMAT ( l H + l O ~ X ' C K ( l ) = ' F 7 ~ 5 , '  D I F ( l ) " E 7 . 2 )  
IF (IPRINT.CTIO) GO TO 10 
WRITE ( 6 , 4 0 0 4 ) -  - -  

- -  

FORMAT ( lH016X'PARTIAL PRESSURES CONCENTRATIONS -------- TEMPE 
lRATURES--------- **+*****INTERIOR SORBENT LOADINGS***+a****f 7 -  
2% ADS4X'TIME'9X' (MMHG) ' lOX' (LB/LB PR GAS)'15X'(F)'34X1(LB/LB)'/ 
3 CYCLE ( H R S I  c02 H20 C02 H20 GAS SO 
4RBENT COOLANT HXCORE AVG 1 I! 3 4 5 ' 1  
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APPENDIX B (Continued) 

000059 
000060 
0 0 0 0 6 1  
000062 
000063 
000064 
000065 
000066 
000067 
000068 

000070 
0 0 0 0 7 1  
000072 
000073 
000074 
000075 
000076 
000077 
000078 
000079 
000080 
0 0 0 0 8 1  
000082 
000083 
000084 
000085 
000086 
000087 
000088 
000089 
000090 
0 0 0 0 9 1  
000092 
000093 
000094 
000095 
000096 
000097 
000096l 
000099 
000100 
0 0 0 1 0 1  
000102 
000103 
000104 
000105 
O O O i O 6  
000107 
000108 
000109 
000110 
0 0 0 1 1 1  
000112 
000113 
000114 
000115 
000116 
000117 
000118 

a00069 

NLXNE NLINE + 4 
C 

10 TIMEM=~OI*TIME 
C 

IF ( I P  
I F  ( ( N  
DO 13 
WRITE 

4013 FORNAT 
13 NLINE 
1 4  WRITE 

1 0 0  FORMAT 
1 
2 

INT,EQ*O) GO TO 1 5  
PACE*EQ. l I~AND*(NLINE.EO.1 ) ,  GO TO 1 4  
'1 t NSPACE 
6 r 4 0 1 3 1  
( 1 H  ) 
= NLINE + 3, 
6,100)  NCYCLEt TINE, TIMEMt DT 
(1H 'ADSORPTION C Y C L E ' I 3 r '  --* ' 

S H T I M E = , F 9 ~ 5 ~ l X 2 H H R , F l 2 , 3 H M I N ,  
5X#15HTIME INCREMENT~F7*5i iX2HHR) 

NLINE = NLINE +I 

15 N l  NDXM + 1 
NDRSsNDR4-1 
DO 20 N+ 11 NRXM 

C 

SUMMSZO 9 0 
SUMMS=SUMMS+0*5k (W(ArN)*W(NDR4rN)I 
lF (NDR4*EQ'Z)  AVLD(N) = SUMMS 
I (NDR4vEQn2) GO TO 20 
D J  f 2 2  NRz2tNDR;I 

2 2  SUMMS=SUMMS+W(NR,N) 

20 CONTINUE 
AVLD(N)"SUMMS/NDR3 

DO 30 N' N l t N D X 1  
SUMMSSO 0 
S U M M S = S U M M S + O I ~ * ( W ( ~ , N ) * W ( N D R ~ I N ) )  
IF(NDR4,EQ*2) AVLDCN) = SUMMS 
IF(NDR4,EQe2) GO TO 30 
00 33 NRz2i  NDR3 

33 SUMMS=SUMMS+W(NRtN) 
AVLD(N)=SUMMS/NDRS 

30 CONTINUE 
SUM=O e 

IF(NDXMAC eEQe 0) GO TO 35 
DO 3 1  N= 11 NDXMAC 

AVMSbD SUM/WTACMS 
31 SUM= SUM+AVLB(N)*~BED(N)*D%~RHO~B(Nf 

SUMnO 
35 CONTINUE 

32 SUM = SUM+AVLD(N)*ABED(N)*DX*RHOSB(N) 

40 CONTINUE 

ZF((NDXI-NDXM) .EQ' 0) GO TO 40 
DO 3 2  NS N l t N D X l  

AVSGLD=SUM/WTSG 

C 
C 

C 
IF ( IPRINT,EQ*O)  GO TO 69 

WRITE ( 6 t 4 0 4 9 )  
4049 FORMAT (1HO 
I' PARTIAL PRESSURES CONCENTRATIONS -------- TEMPERATURESe 

3* ' / l H  
4'AXIAL'6X'(MMnC)'1OX'(LB/LB PR G A S ) ' l S X ' ( F ) ' 4 1 X ' ( L B / L B ) '  /1H 
S'NODE C02 H20 C02 H20 GAS SORBENT COOLAN 
6T HXCORE A V G  1 2 3 4 4 6 77 

2-------- ********* r+*+** INfERIOR SORBENT LOADINCSI**aa*4crr.**O* 
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000119 
000120 
0 0 0 1 2 1  
000122 
000123 
000124 
000125 
000126 
000127 
000128 
000129 
000130 
000131 
000132 
000133 
000134 
000135 
000336 
000137 
000138 
000139 
000140 
0 0 0 1 4 1  
000142 
000143 
000144 
000145 
000146 
bo0147 
000148 
000149 
000150 
0 0 0 1 5 1  
000152 
000153 

7 )  
DO 50 N=lrNDX 
RMW = (PA " P K ( 1 i N )  - P K ( 2 i N ) )  4 GMW 
CONCO21N) = PK(11N)*44I/RMh' 
CONHZO(N) = PK(2rN)*18*/RMW 

5 0  WRITE (6,4050)  NI PK(1,N)t P K ( 2 t N ) l  CONCO2(N)i CONHZO(N), TG(N)t  
1 TTSlN), TC(N1, T X ( N ) i  AVLD(N)t (W(NR,N)iNR=l,NDR4) 

4050 FORMAT (IH 1 2 , 3 X C 9 , 5 , l X 1 G 9 , 5 , i X 2 F 7 1 5 , 1 X , 4 P e , 1 , 2 X F 7 r 4 ~ l X t 7 F 7 ~ ~ ~  
WRITE (6,205)  AVMSLD, AVSGLD 

205 FORMAT(30HOAVG C02 LOADING I N  M o s t  BED = F 8 , 4 r i X i S H L B / L B i 7 X i  
13OH A V G  H20 LOADING I N  S I C ,  BED = F8.41 6H L B I L B )  

AVRC02=TOTC02/TIME 
AVRH20=TOTH20/TIME 
WRITE(61204)  AVRCOZiAVRH20 

2b4 F'ORMAT(27H TIME AVG C02 ADSORP RATE = 
1 F 8 ~ 4 t  6H-LBIHR i l O X ,  
2271.1 TIME A V G  W2.0 ADSORP RATE = 
3 F8.4, 7H LB/HR ) 

dRITE(6 ,  2 0 6 )  AVPHZO, AVHZOP 
206 FORM4TC2IH TIME AVG EXIT PH20 = I F l O a 4 r  3H MM t l 8 X c  

140HTIME AVG RATE OF M , S *  POISONING BY H20 t G12,4,10H LB H2O/HR) 
NLINE = NLINE + 8 + NDX 
RETURN 

C 
C 

6 0  RMW = (PA - P K ( 1 t I )  - P K ( 2 1 1 1 )  4 CMW 
CONC02(1) = PY( l i1)*44. /RMW 
GONH20(1) = PK(2,1)*18,/RMW 
WRITE (6 ,4060)  NCYCLEI TIME1 P K C l t l ) ,  PK(211)q  C0NC02(1)1 

1 CONHPO(1)t T G ( 1 ) i  T S ( 1 h  T C ( l ) ,  T X ( l ) ,  
2 A V L D ( 1 ) i  ( W ( N R i i ) i N R = l i N D R 4 )  

4060 FORMAT (1H 1 ~ ~ F 1 0 ~ 5 ~ ~ X t C 9 ~ 5 ~ l X G ~ ~ ~ 1 l X 2 F ~ ~ ~ 1 l X 4 F ~ ~ l ~ 2 X F ~ ~ 4 ~ l X 5 F ~ ~ ~ ~  
NLINE = NLINE + I 
RETURN 
END 

20 I 





000001 
000002 
000003 
000004 
00000s 
000006 
000007 
000008 
000009 
000010 
000011 
000012 
000013 
000014 
000015 
000016 
000017 
000018 
000019 
000020 
0 0 0 0 2 1  
000022 
000023 
000024 
000025 
000026 
000027 
000028 
000029 
000030 
000031 
000032 
000033 
000034 
000035 
000036 
000037 
000038 
000039 
000040 
000041 
000042 
000043 
000044 
000045 
000046 
000047 
000048 
000049 
000050 
0 0 0 0 5 1  
000052 
000053 
000054 
000055 

bo0057 
000058 

\000056 

EL? PKEQ 

T APPENDIX  C 

L I S T I N G  OF R E V I S E D  E Q U I L I B R I U M  DATA PROGRAM PKEQ 

l t701103, 55012 t i  

C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

* c  
C 
C 
C 
C 

C 

FUNCTION PKEQ ( K O  W c  T )  

THIS VERSION OF 'PKEQ' PROVIDES TABLE-LOOKUP 
SORBENT/SORBATE EQUILIBRIUM DATA. CURVE F I T  
IS NOT USED. 

AND INTERPOLATION OF 
ING (OR MAP FiTT1NG) 

EQUILIBRIUM DATA ARE STORED V I A  'DATA' STATEMENTS I N  ARRAYS AS 
FOLLOWS...GIVEN FOR SORBENT/SORBATE COMBINATXON Noe l ,  SAME FOR 2. 

'T lDATA(J) '  * TEMPERATURE VALUES ( F )  FOR WHICH P-VS-W CURVES 
(ISOTHERMS) ARE STORED. ' N T I '  s NUMBER OF ISOTHERMS STORED. NOTED WHEN THE 
COMPUTATION TO BE PERFORMED I S  FOR ISOTHERMAL 
CONDITIONS, 'YT1' MUST BE 6 OR LESS, OTHERWISE, 
I T  M A Y  BE 7 OR LESS- 

'WlDATA(1) '  = LOADlNG VALUES ( L B I L B ) ,  COMMON FOR EACH - 
ISOTHERM? MAY BE 20 OR LESS, 

' N u l *  NUMBER OF LOADING VALUES, 
' P l D A T A ( 1 ~ J ) '  = PARTIAL-PRESSURE VALUES (MM/HG) CORRESPONDING 

TO THE LOADING AND TEMPERATURE VALUES STORED I N  
'WIDATA' AND 'T lDATA' .  

ACTUAL VALUES OF ALL DATA ARE TO BE USED I N  DATA STATEMENTSl 
IF LOGARITHM~C STORAGE OF PRESSURE OR LOADING VALUES IS DESIRED, 
THE INDICATORS WHICH FOLLOW WILL AUTOMATICALLY ALLOW SAME,,, 

' I L O G W l '  e: 0 1  NORMAL STORAGE OF LOADING DATA, 

' ILOGPl '  01  NORMAL STORAGE OF PARTIAL-PRESSURE DATA, 
15 l e  LOGARITHMIC STORAGE, 

= l r  L,OGARITHMIC STORAGE. 

NOTE.,FOR EACH ISOTHERMD A PARTIAL-PRESSURE VALUE FOR EACH VALUE 
OF 'WlDATA' MUST BE ENTERED, BY THE NATURE OF THE METHOD BY WHICH 
EQUILIBRIUM DATA ARE TAKEN( PARTIAL-PRESSURE DATA WILL PROBABLY 
NOT BE AVAILABLE FOR ALL VALUES OF LOADING I N  'WlDATA'v THAT 1 s t  
DATA WILL NOT BE AVAILABLE FOR ONE OR BOTH ENDS OF THE ISOTHERM 
WITH RESPECT TO THE RATA ENTERED I N  'WlDAfA'. TO OBTAINI 
MISSING VALUES ON€ MAY EXTRAPOLATE GRAPHICALLY THE EXISTING 
EQUILIBRIUM MAP. ALTERNATIVELY, ONE MAY ENTER ZEROES ( O * O )  I N  THE 
DATA STATEMENTS, I N  WHICH CASE, THIS PROGRAM WILL FILL I N  THE 
PRESSURE ARRAYS BY LINEAR EXTRAPOLATIONI NOTE, ZEROES BETWEEN REAL 
VALUES ARE NOT ALLOWED, ZEROES ARE NOT ALLOWED AT ALL I N  'WSDATA' 

I F  DATA FOR ONLY ONE SORBENT/SORBATE COMBINATION I S  TO BE STORED# 
THE 'NT-' AND 'NU-' VALUES FOR THE OTHER COMBINATION SHOULD BE 
STORED AS ZERO, I N  THE EVENT THAT THIS PROGRAM IS ENTERED TO 
INTERPOLATE DATA WHICH HAS NOT BEEN STORED, PROGRAM E X I T  WILL 
OCCUR s 

I N  THIS PROGRAM JNTERPOLATION OF ISOTHERM DATA IS BY MEANS OF 
SUBROUTINE 'LAGINZ'. 
INTERPOLATION (OR EXTRAPOLATION) BETWEEN (OR BEYOND) ISOTHERM 
DATA, AT CONSTANT LOADING W D  IS BY MEANS OF THE RELATION 
LN(P)  5 A/(T+45916) + Be 

WHEN ONLY ONE DATA CURVE IS STORED FOR A SORBENT/SORBATE 
COMBINATION, 11  WILL BE USED DIRECTLY I N  ALL CIRCUMST4NCESq 
WHEN AN ISOTHERMAL RUN IS DESIRED, AS DENOTED WHEN 'NTEMP'zOi 
AT THE FIRST CALL TO 'PKEQ', AND PROVIDED THERE ARE TWO OR MORE 
ISOTHERMS STORED, THE PROGRAM WILL GENERATE AN ISOTHERM FOR THE 
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000059 
000060 
000061 
000062 
000063 
000064 
000065 
000066 
000067 
000068 
000069 
000070 
000071 
000072 
000073 
000074 
000075 
000076 
000077 
000078 
000079 
000080 
000081 
000082 
000083 
000084 
000085 

000087 
000088 

000090 
000091 
000092 
000093 
000094 
000095 
000096 
000097 
000098 
000099 
000100 
000101 
000102 
000103 
000104 
000105 
000106 
000107 
000108 
000109 
000110 
000111 
000112 
000113 
000114 
000115 
000116 
000117 
000118 

ooooa6 

ooooe9 

C 
C 
C 

C 

C 

C 

C 
C 
C 
C 

C 

c 
C 
C 
C 
C 

I F  ( (NWD(K),GTeO).AND.(NTD(K).GT.O))  GO TO 1 
WRITE (6,4000) K 

4000 FORMAT ( 1 W O  '**+**ERROR -= DATA FOR SORBENT/SORBATE COMBlNAT[DNt 
1120' HAS NOT BEEN STORED I N  PKEQ.') 

C 
C 

C 

C 
C 
C 
C 
C 

C 

1 

2 

io 

CALL EXIT ' 

I F  (INITL.ER,O) GO TO 100 

IN ITL  i: 0 

CONVERT ENTERED DATA TO LOGARITHYS ( I F  REQUIRED) AND F I L L  I N  
PARTIAL-PRESSURE ARRAYS BY EXTRAPOLATION, 

I F  ((NWl.EQ.Ol,OR~(NTl.eQ~O)) GO TO 20 

IF (ILOGWl*EQ*O) ca TO 1 2  
DO 11 I I l n N W l  
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000119 
000120 
000121 
000122 
000123 
000124 
000125 
000126 
000127 
000128 
000129 
000130 
000131 
000132 
000133 
000134 
000135 
000136 
000137 
000138 
000139 
000140 
000141 
000142 
000143 
000144 
000145 
000146 
000147 
000148 
000149 
000150 
000151 
000132 
000153 
030154 
000155 
000156 
000157 
000158 
000159 
000160 
000161 
000162 
000163 
000164 
000165 
000166 
000167 
000168 
000169 
000170 
000171 
000172 
000173 
000174 
000175 
000176 
000177 
000178 

11 WlDATA(1) * ALOG(WlDATA(1)) 
12 DO 19 J'leNTl 

IZEROA = 0 
IZEROB = 0 
1 1  '0 

DO 15 I=lrNWi 
IF (PlDATA(I~J).fiTsO~O) GO TO 1 4  
IF (II*GT,O) GO TO 13 

C 

C 

C 

IZEROA = IZEROA + 1 
GO TO 15 

13 IZEROB = IZEROB + 1 
GO TO 15 

14 I 1  = 1  

15 CONTINUE 

C 

IF (ILOGP1,GTrO) PlDATA(1,J) = ACOG(PlDATA(1tJ)) 

C 

C 
IF (IZEROA,EQ,O) GO f 0  17 

SLOPE = (PlDATA(IZEROA+E,J) - PlDATA(!ZEROA+lrJ)) / 

DO 16 I'ltIZEROA 
PlDATA(1,J) 5 PlDATA~IZEROA+l~J~ + 

P = EXP(PADATA(1,J)) 
WRITE ( 6 , 4 0 0 1 )  WlDATA(I)# P 

IF ( I I L O G P l . E Q ~ O ~ , A N D , ~ P l D A T A ( I ~ J ) ~ L T ~ l ~ O E ~ 7 ) )  PlDATA(I,J)*I@ItE-7 

1 (WlDATA(IZEROA+P) - WlDATA(!ZEROA+l) ) 

1 SLOPE*( WlDATAf I )  - WlDATAt IZEROA+l) ) 
4001 FORMAT (1HO P5r4, E13.5) 

16 CONTINUE 
C 

17 IF (IZEROBsEQ*O) GO T O  19 
I1 = NU1 + 1 - IZEROB 
SLOPE 4 (PlDATA(Il-2,J) .. PlOATA(11-1d)) / 

DO 18 I=IlrNWI 
PIDATA(I8J) 5 PlDATA(I1-1,J) + 

P = EXP(PlDATA(lrJ)) 

1 (WlDATA(Il*Z) WlbATA(I1-1) 

1 SLOPE*(WlOATA(I) - WlDATA(I1-1)) 
WRITE (6,4001) WlDATA(I), P 

18 CONTINUE 
C 

19 CONTINUE 
c - 

20 IF ( (NW2,EQ.O),OR,(NT2,EQ,O)) GO TO 50 
C 

IF ( I L O C W ~ * E Q I O )  GO T O  2? 
DO 21 I'lrNW2 

21 WLDATA(1) = ALOG(WZDATA(1)) 
22 IZEROA = 0 

IZEROB 0 
I 1  2 0  

DO 29 JzlnNT2 

C 

C 

C 
DO 25 I"ltNW2 
IF (P2DATA(ItJ)*GT*OsO) GO TO 24 
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000179 
000180 
000181 
000182 
000183 
000184 
000185 
000186 
000187 
000168 
000189 
000190 
000191 
000192 
000193 
000194 
000195 
000196 
000197 
000198 
000199 
000200 
000201 
000202 
000203 
000204 
000205 
000206 
090207 
000208 
000209 
000210 
000211 
000212 
000213 
000214 
000215 
000216 
000217 
000218 
000219 
000220 
000221 
000222 
000223 
000224 
000225 
000226 
000227 
000228 
000229 
000230 
000231 
000232 
000233 
000234 
000235 
000236 
000237 
000238 

b: 

e 
c 

F c: 
c 

c 
E 
c 
B 

IF (II.GT*O) GO TO 23 
IZEROA = IZEROA + 1 
GO TO 25 

23 IZEROB IZEROB + 1 
60 TO 25 

g4 I! '1 
IF (ILOGPP.GTs0) PLDATA(1,J) ALBCERBDATA(~IJI) 

a5 CONTINUE 

I F  (IZEROA,EQ*O) GO T O  27 

SLOPE " (P~QATA(IZEROA+~IJ) - P@DATA(IZEROI+lIJ)) 4 

DO 26 I=$,IIZEROA 
PZDATA(1tJ) * PZOATA(IZEROA+lrJ) + 

IF ( ( I L O G P ~ * E Q S O ) S A N D . I P ~ D A ~ A ( I ~ ~ ~ . L T . ~ . O E - ~ ~ )  PZQ~T'A(IIJ)~I*I*E-~ 

1 (W2DATA(IZEROA+2) - V2DATAfIZEROA+l) 1 

1 SLOPE*(W20ATC(I) - WZQATAf~Z~ROA+l)) 
26 CONTINUE 

17 IF (IZEROB,EQIO) GO TO 29 
I1 i: NW2 +l - IZEROB 
SCOPE 

DO 28 I"IlrNW2 

" (PZDATA(II-ZIJ) - P2D4TA$Il-lrS)) A 
1 (W2DATA(ll-2) - W2DATAd11-11 
I SLOPE*(W2DATA(I) - W2DATA(I1-$)) 28 PPDATA(1oJ) 6 P2DAtA(Il-lrJ) + 

29 CONTINUE 

IF (NTEMP*NE*O) GO TO 100 
IF ( ( N T I I L E ~ I ) * A N D I ( N T ~ s ~ E ~ ~ ) )  GO TO 100 

GENERATE ISOTHERMS FOR TEMPEqATURE ' T '  -- 70 RE USED IN ISOTHERMAL 
PERFORMANCE PREDICATIONS, 

5R K1 " 1  
K? = 2  
IF (NTl.GT.1) GO TO 51 
Kl " 2  

5 1  kF (NT2,GT.l) GO TO 52 
K2 " 1  

52 DO 53 KKzKlrK2 
NWK = NWDCKK) 
NTK 3 NTDtKK) 
DO 53 I'IINWK 

53 CALL EQMAP (KK, W D A T A ( I IKK)~ 71 PDATA(ItNTK*l,KK), 0 )  

ACTUAL INTERPOLATION* 

IF (W.LE*O*O) WC 8 1,OE-5 
CALL EQMAP (K# WCI Tc PKEOc 11 

100 wc " W  

RETURN 

SUBROUTINE EQMAP(Lc W E 8  TI Pc INDEX) 
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000239 
000240 
000241 
000242 
000243 
000244 
000245 
000246 
000247 
000248 
000249 
000250 
0 0 0 2 5 1  
000252 
000253 
000254 
000255 
000256 
000257 
000258 
000259 
000260 
0 0 0 2 6 1  
000262 
000263 
000264 
000265 
000266 
000267 
000268 
000269 
000270 
0 0 0 2 7 1  
000272 
000273 
000274 
000275 
000276 
000277 
000278 
000279 
000280 
0 0 0 2 8 1  
000282 
000283 
000284 
000285 
000286 
000287 
000288 
000289 
090290 
0 0 0 2 9 1  
000292 
000293'  
000294 
000295 
000296 
000297 
000298 

200 NT = NTD(L) 
NW = NWR(L) 

IF ( N T - G T o I )  GO TO 210 
JT = 1  
GO TO 290 

C 

C 
210 IF ( ( INDEX,EQ.O).ORI(NTEMP,NEIO)) GO TO 220 

JT = N T + 1  
GO TO 290 

C 
220 I F  ( T . G E . T D A l ' A ( l i L ) l  GO TO 230 

J1 =I  
J 2  = 2  
GO TO 260 

C 
230 IF (T .LT.TDAfA(NTtL) )  GO TO 240 

J I  = N T - 1  
J 2  3 NT 
GO T O  260 

C 
240 DO 250 J = I D N T  

IF (T.GT,TDAIACJ+S,L)) GO TO 250 
J 2  = J + S  
J1 " J  
GO TO 260 

C 

C 
250 CONTINUE 

260 IF (ABS(T-TDATA(JI,L)),GT.DELTA) GO TO 270 
JT J1 
GO TO 290 

C 
270 IF ( A B S ( T - T D A T A ( J ~ , L ) ) I E T I D E L T A )  GO TO 280 

JT J 2  
GO TO 290 

C 
280 WLOOK = WE 

I F  ( ILOGW(L)rGT*O) WLOOK ALOG(WE) 
CALL LAGIN2 (531,  WDATA(I tL) ,  NW, 21  WLOOU, P l r  P D A T A ( l r J 1 , L ) )  
CALL LAGIN2 (332,  WDATA( l rL) ,  NWD 21 WLOOKt P 2 t  P D A T A ( I i J 2 , L ) )  
IF ( ILOGP(L)sCT*O)  GO TO 282 
P 1  = ALOG(P1) 
P2 = ALOC(P2) 

C 
2 8 2  A = (P2aP1)  / ( ~ ~ / ~ T D A T A ( J ~ I L ) + ~ ~ ~ . ~ ) - I . / ( T D A T A ~ J ~ ~ L ~ ~ ~ ~ ~ ~ ~ ) ~  

B = P i  - A/ (TDATA(J l rL )+459,6)  
P = EXP(A/(T+459,6)  + B )  
RETURN 

290 WLOOK 3 WE 
C 

IF (ILOGW(L)rGT.O) WLOOK = ALOG(WE) 
CALL LAGIN2 13331 WDATA(1tL)t NW, 2, WLOOK, PI PDATA(l,JT,L)) 
IF ( ILOGP(L)*GT.O) P = EXP(P) 
RETURN 

C 
C 

C 
C INTERPOLATION SUBROUTINE* 

SUBROUTINE LAGIN2 (M, X, NP, NDt XA, Y A P  Y )  
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000299 
000300 
000301 
000302 
000303 
000304 
000305 
000306 
000307 
000308 
0 0 0 3 0 9  
000310 
000311 
000312 
000313 
000314 
000315 
000316 
000317 
000318 
000319 
000320 
000321 
000322 
000323 
000324 
000325 
000326 
000327 
000328 
000329 
000330 
000331 
000332 
000333 
000334 
000335 
000336 
000337 
000338 
000339 
000340 

C 
C 
C 

c 
300 

C 
C 

310 
311 

320 

321 

C 

C 
C 

330 

331 

ADAPTED FROM THE GENERAL 'LAGINZ' PROGRAM+ 
' X '  ARRAY INCREASINCt L!NEAR TWO-POINT INTERPOLATIONt NO MESSAGE, 

OIMENSION X(2)t Y(2) 

1LO = 1 
IHI = NP 
DETERMfNE IF EXTRAPOLATION IS 
IF (XA .,. X ( 1 ) )  320, 370; 311 
IF (XA - X(NP)l 330r 3801 321 

NECESSARY. 

I1 = 1  
12 = 2  
GO TO 360 
I1 Z N P - i  
12 ZI NP 
GO TO 360 

01 NARY LOOKUP Q 
LOOK 8 (1LO + IHI + 1) / 2 
IF (XA - X(L0OK)) 331, 3 9 0 ,  332 
IHI = LOOK 
GO TO 340 

332 ILO = LOOK 
340 IF ((IHI-ILO)*GT*l) GO TO 330 

350 11 = ILO 
12 = IHI 

C 

c 
C LINEAR. TWO-POINT INTERPOLATIONt 

C 

360 YA 3 YCIj,) + ~ Y ( ~ 2 ) - Y ( ~ l ) ) * ( X A - X ( I l ) ) / ( X ( I 2 ) - X ~ I l ) )  
RETURN 

370 YA = Y ( I L O )  
RETURN 

RETURN 

RETURN 

380 YA = Y(IH1) 
390 YA Y(LOOI0 

C 
END 
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APPENDIX D 

LEAST SQUARES PROGRAM TO CORRELATE 
EQUI L I  BRIUM DATA 

INTRODUCTION 

This program generates a polynominal equation t o  co r re la te  equ i l ib r ium 
data using a stepwise m u l t i p l e  regression least  square analysis, The 
polynominal equation i s  i n  the  form: 

P = C I- 6, X I  I- B2 X 2  I- ------ + Bn Xn 

where: 

P = equ i l i b r i um pressure, mm Hg 

B, C = constants 

X = func t ion  o f  T and W 

T = temperature, OF 

W = absorbent loading, l b  sorbate/lb sorbent 

The program uses a least  squares subroutine (CORLAT) which i s  an adaptation 
o f  Share Fortran program 62 ER MPR2 No. 477. 
t h i s  program i s  used i n  the  molecular sieve adsorpt ion/desorpt ion program 
t o  p red ic t  regenerative carbon d iox ide bed performance. The polynominal 
developed must have der iva t ives  which are continuous and nonzero; there- 
f o r e  polynominals up t o  the t h i r d  order were used t o  co r re la te  the  
equ i l ib r ium data. 

The co r re la t i on  developed by 

PROGRAM LOGIC 

Main Program 

The f low char t  f o r  the main program i s  shown i n  Figure D-I. The main 
program reads i n  a l l  the cont ro l  data (N,K) and the  equ i l ib r ium data points  
(T, W, P). 
number o f  d i f f e r e n t  equations t o  be cor re la ted  by subroutine CORLAT. The 
present program contains 35 equations; these equations are shown i n  Table D-I. 

N i s  the t o t a l  number o f  data sets (T, W, P) and K i s  the  

The var iab les f o r  each o f  the t h i r t y - f i v e  equations are def ined w i t h i n  
the main program, the constant and the  coe f f i c i en ts  f o r  a given equation are 
determined by subroutine CORLAT. A f t e r  the constant and coe f f i c i en ts  have 
been determined, cont ro l  i s  returned t o  the main program. For a given 
co r re la t i on  the  dev iat ion a t  each data point  and the average percent e r r o r  
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YW, T1, T2, 
YW2, YW3, 
YRS, SL, SL2, 
SLI, 6, C, 0 ,  
YWPTl, YW3T1, 
YW2T2, YW3T3, 
YW3T2, YWT2, 
YW2T3, T3, AI ,  
BJ, CJ, DJ, XF 

MAIN 
PROGRAM 

- 

Q Q 
ENTER Q \/ 

DCY ~ O O J = I , K  Q * 
DEVS=O. 0 
N$DATA=O 

I 

4 
D$ 7501=1,N 

NBDATA= N ~ D A T A  
+ 1  

I 

CALC. EQS. 
I NVAR 
XP(J)=f (T,W) 

WRITE 

VAR I ABLE 

WRITE 

VAR I ABLE 

I 

Figure D-I. Flow Chart 

VARIABLES 

for  Main Program 

r-- 

CALCULATER 0 

<-) 
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TABLE D - l  

CORRELATING EQUATIONS USED I N  THE MAIN  PROGRAM 

C=T ~ IJC,TAI \~T  
L' IzI 'ATI JRAI- L\)G 
l'=l'~t'!~C-~Jf-~F v WM-H6 
I =TFt:13E'IATIIPE~ PEG. F 
~ ' I L  (',I? r W T  , PEPCE'iT b!2r) Oli. C03. 
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f o r  a l l  data p o i n t s  a re  determined. 
t h e  average percent e r r o r  f o r  a c o r r e l a t i o n  i s  determined from: 

Assuming a normal e r r o r  d i s t r i b u t i o n ,  

where : 

TER = average percent e r r o r  

N = number o f  se ts  o f  data p o i n t s  

DEV(N) = d e v i a t i o n  i n  pressure, a t  data set  N 

P(N) = pressure a t  data set N 

Subrout ine CORLAT 

Subrout ine CORLAT receives t h e  values o f  t h e  de f ined v a r i a b l e s  f rom 
t h e  main program and performs t h e  stepwise m u l t i p l e  regress ion  ana lys i s  
i n  t h e  form o f  P = BI  X ,  + B2 X 2  

o f  independent var iab les ,  59 o r  less.  The number o f  sets  o f  data p o i n t s  
t h a t  may be analyzed a t  one t ime i s  300. Th is  r e s t r i c t i o n  can be increased 
by e n l a r g i n g  t h e  s i z e  o f  t h e  dimension statement. 
t h e  stepwise regress ion  f o l l o w :  

-t- ... Bn Xn + C, where n i s  t h e  number 

Some p r o p e r t i e s  o f  

1 .  A number o f  in te rmed ia te  regress ion  equat ions are obta ined 
adding one v a r i a b l e  a t  a t ime. 
makes t h e  grea tes t  improvement i n  "goodness o f  f i t". This  p rov ides  
va luab le  s t a t i s t i c a l  i n fo rma t ion  a t  each s tep i n  the  c a l c u l a t i o n .  

The v a r i a b l e  added i s  t h a t  one which 

2. A w e i g h t i n g  f a c t o r  can be assigned t o  each se t  o f  data. Cer ta in  
se ts  o f  dz ta  may have h igher  r e l i a b i l i t y  than others, and w e i g h t i n g  f a c t o r s  
can be app l i ed  i n  r e l a t i o n  t o  t h e i r  r e l i a b i l i t i e s .  Weight ing f a c t o r s  
were no t  used f o r  t h e  e q u i l i b r i u m  data. 

3. Only s i g n i f i c a n t  v a r i a b l e s  are  inc luded i n  t h e  f i n a l  regression. 

4. A v a r i a b l e  which i s  approx imate ly  a l i n e a r  combinat ion o f  o ther  
independent v a r i a b l e s  i s  no t  entered i n t o  t h e  regression. Th is  e l i m i n a t e s  
t h e  p o s s i b i l i t y  o f  degeneracy and permi ts  s i n g l e  p r e c i s i o n  f l o a t i n g  
p o i n t  operat  ions. 

21 2 



! I  

APPENDIX D (Continued) 

Calcu lat ion Procedure 

The setpwise m u l t i p l e  regression procedure consis ts  o f  four  parts, 
as fo l lows: 

1 .  Calcu lat ion o f  weighted sums o f  squares and crpss products. The 
fo l low ing  values are calculated: 

a. 

b. 

C. 

2. 
res i dua 1 

a. 

b. 

Cwt 
Weighted number o f  data = 

Weighted sums o f  var iab les = Cw x 

Weighted sums o f  squares and cross products = Zwt~i.txj,t 

where 

t i.t 

t = I t o m  

j = i t o n + I  

n + ~  = Y Note: X 

Calcu lat ion o f  weighted means, res idual  sums o f  squares, and 
sums o f  cross products. 

Residual sums of squares and cross products = 

.xwt c w  x - c w  x cw x. 
t i.txj.t t i.t t 1.t 

Cwt 

where 
t = I t o m  

i = I t o  n+l 

j = i t o  n-t-l 

n+ I y = x  
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3.  Calculation of simple correlation coeffici 

a. Definition 
. I  

x.x = Residual sums of squares 
' I  i 

I 

x.x 
I j = Residual sums of cross products 

I b. Calcujakions 
l 

r.. 
I J  =, X.X 

0 .0 
I i = partidl correlation coefficient 

l j  i 

r.. = r.. 
J '  ' J  

r.. 7 1.000 
I 1  

where 

i = I to n+l 

j = i + l  to m-1 

4 .  Stepwise calculation of regression coefficients and reliability. 

1 In the stepwise procedure, intermediate results are used to give 
valuable statistical information at each step in the calculation. These 
intermediate answers are also used to control the method of calculation. 

A number of intermediate regression equations are obtained by adding 
one.variable at a time, thus giving the following intermed'iate equations: 

a. P = BIX, + C 

b. P = B,X, + B2 X 2  f C, etc. 
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The c o e f f i c i e n t s  f o r  each o f  these in te rmed ia te  equat ions and t h e  
r e l i a b i l i t y  o f  each c o e f f i c i e n t  a r e  ob ta ined by t h e  stepwise procedure. 
The values and r e l i a b i l i t y  may vary  w i t h  each subsequent equat ion.  The 
c o e f f i c i e n t s  represent  t h e  best va lues when t h e  equat ion  i s  
t h e  s p e c i f i c  v a r i a b l e s  inc luded i n  t h e  equat ion.  The v a r i a b l e  i s  added 
t h a t  makes t h e  g rea tes t  improvement i n  "goodness o f  f i t "  or, s t a t e d  
another way, g i ves  t h e  g rea tes t  reduc t i on  i n  var iance o f  t h e  dependent 
var  i ab 1 e. 

A v a r i a b l e  may be i n d i c a t e d  t o  be s i g n i f i c a n t  a t  an e a r l y  stage and 
en ter  t h e  regress ion  equat ion.  A f t e r  severa l  o t h e r  v a r i a b l e s  a r e  added 
t o  t h e  regress ion  equation, a v a r i a b l e  i n  t h e  equat ion  may be i n d i c a t e d  
t o  be i n s i g n i f i c a n t .  Under t h i s  s i t u a t i o n  t h e  s tepwise regress ion  
procedure w i l l  remove t h e  i n s i g n i f i c a n t  v a r i a b l e  be fo re  adding, an 
a d d i t i o n a l  v a r i a b l e .  Thus, a t  t h e  va r ious  steps i n  t h e  regress ion  
procedure, o n l y  those v a r i a b l e s  which a r e  s i g n i f i c a n t  w i l l  be inc luded 
i n  t h e  regress ion  equat ion.  

USAGE 

Main Proqram 

A l l  c o n t r o l  words must be assigned i n  t h e  main program and s to red  
i n  t h e  COMMON s torage area. 
t h a t  o f  CORLAT. The common statements are: 

The sequence o f  s to rage must be t h e  same as 

COMMON NTPIN, NTPOUT, TOL, EFIN, EFOUT, NOPROB, INVAR, NODATA 
COMMON IFLIST, IFWT, IFSTEP, IFRAW, IFAVE, IFRESD, IFCOEN, IFPREO 
COMMON IFCNST 
COMMON CP 

Tapes used by CORUT a r e  de f i ned  i n  t h e  main program. The inpu t  tape 
i s  denoted by NJPIN, and i s  w r i t t e n  by t h e  main program i n  b ina ry .  The, 
output  tape i s  denoted by NTPOUT; i t  i s  BCD. 

For l a t e r  use i n  t h e  main program, t h e  constant  and t h e  c o e f f i c i e n t s  
ob ta ined as a r e s u l t  o f  c o r r e l a t i o n  a r e  s to red  i n  t h e  common area. CNST 
i s  t h e  constant, and t h e  c o e f f i c i e n t s  B1, B2, etc., a re  s to red  i n  t h e  
a r ray  COEN. 
CNST and COEN must appear i n  t h e  COMMON statement and, i n  add i t i on ,  
COEN (60) must appear i n  t h e  DIMENSION statement o f  t h e  main program. 
The c o e f f i c i e n t s  a r e  then ob ta ined us ing  COEN (I), I = I ,  2 ---60. 

I f  t h e  c o e f f i c i e n t s  a re  t o  be used i n  t h e  main program, 
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TOL Tolerance (normal ly  .OOl) 
EFIN F l e v e l  t o  e n t e r  v a r i a b l e s  i n  t h e  regress ion 

EFOUT F l e v e l  t o  remove v a r i a b l e s  i n  t h e  reg ress ion  

NO PRO B 

I NVAR The t o t a l  number o f  var iab les,  i n c l u d i n g  t h e  dependent 

Problem number (up t o  8 i n t e g e r  d i g i t s )  

v a r i a b l e .  
then INVAR = N+I)  

Number o f  se ts  o f  data. 
o b j e c t  time, bu t  "counted" i n  t h e  main program). 

( I f  N i s  t h e  number o f  independent v a r i a b l e s  

NODATA (Th is  need not be determined before 

The f o l l o w i n g  c o n t r o l  words should never be negat ive.  

IFLIST 

I FWT 

IFSTEP 

I FRAW 

I FAV E 

IFRESD 

IFPRED 

I FCNST 

Con t ro l s  l i s t i n g  o f  t h e  i n p u t  data t o  t h e  subrout ine.  
I f  IFLIST = 0, data a r e  p r i n t e d  on t h e  output  tape. 
I f  IFLIST = I ,  data a r e  not p r i n t e d  

C o n t r o l s  we igh t i ng  o f  se ts  o f  data. 

I f  IFWT = I ,  then a l l  weights  a re  1.0 and a r e  no t  t,o be 
included. 
I f  IFWT = 0, then weights  a r e  assumed t o  be g iven w i t h  t h e  
input  data. 

Con t ro l s  p r i n t i n g  o f  r e s u l t s  o f  i n te rmed ia te  steps; p r i n t e d  
i f  = 0, no t  p r i n t e d  i f  = 1 .  Usua l l y  IFSTEP = 0, as t h i s  
g i ves  very va luab le  i n fo rma t ion .  

Con t ro l s  p r i n t i n g  o f  raw sums, sums o f  squares, and sums o f  
cross products;  p r i n t e d  i f  = 0, no t  p r i n t e d  i f  = 1 .  

Cont ro l s  p r i n t i n g  o f  average values o f  t h e  va r iab les ;  p r i n t e d  
i f  = 0, not  p r i n t e d  i f  = 1 .  

Cont ro l s  p r i n t i n g  o f  r e s i d u a l  sums and squares; p r i n t e d  
i f  = 0, no t  p r i n t e d  i f  = 1 .  

Cont ro l s  p r i n t i n g  o f  p r e d i c t e d  values and t h e  comparison 
w i t h  a c t u a l  values; p r i n t e d  i f  = 0, not p r i n t e d  i f  = 1 .  

Cont ro l s  whether a constant appears i n  t h e  reg ress ion  
equat ion.  i f  = I ,  then t h e  constant i s  se t  t o  zero; i f  = 0, 
then t h e  constant  term i s  inc luded and determined by t h e  
ana lys i s .  
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I n p u t  Data ' 

Data which a r e  used by CORLAT i s  w r i t t e n  by t h e  main program 
(equat ions 1-35) i n  b i n a r y  form and t h e  number o f  t h i s  tape assigned t o  
NTPIN; e.g., NTPIN = 15, i f  t h e  data i s  w r i t t e n  on tape 15. One se t  
o f  data- i s  s to red  i n  t h e  f o l l o w i n g  form: ( a l l  f l o a t i n g  p o i n t ) :  t h e  run 
number, RUNNO; t h e  independent v a r i a b l e s  ( X , ,  X2, X3---); and then t h e  
dependent v a r i a b l e  (XP). 

The f i x s t  inpu; c a r d  con ta ins  t h e  number o f  data ' se ts  (N) and t h e  
The f o l l o w i n g  cards c o n t a i n  number o f  equat ions (K) t o  be c o r r e l a t e d .  

one set o f  e q u i l i b r i u m  c o n d i t i o n s  (T, W, P). I f  v a r i a b l e  weights  a r e  I 

used, t h e  weight f o r  each set o f  data f o l l o w s  t h e  independent va r iab le .  
Sets of data a r e  w r i t t e n  one a f t e r  t h e  o t h e r  u n t i l  a l l  data a re  used. 
Then t h e  tape i s  rewound by t h e  main program and c o n t r o l  s h i f t s  t o  
CORLAT by t h e  c a l l  statement:  CALL CORLAT. 

Should an e r r o r  occur i n  t h e  execut ion o f  CORLAT, a statement i s  
w r i t t e n  on t h e  ou tpu t  tape and c o n t r o l  i s  re tu rned  t o  t h e  main program 
by means o f  CORLAT statement number 910 RETURN. By s u i t a b l e  coding o f  
t h e  main program, severa l  d i f f e r e n t  regress ion  problems can be handled 
s e q u e n t i a l l y .  Th i s  i nvo l ves  proper rewinding, w r i t i n g ,  and rewind ing  
o f  t h e  input  tape, and assignment o f  c o n t r o l  words i n  t h e  main program. 
I t  should be noted t h a t  c o n t r o l  words a re  no t  changed a t  any t ime  by 
CORLAT. Thus, c o n t r q l  words, once assigned f o r  one problem, do not need 
t o  be reassigned f o r  a subsequent problem, un less they a r e  t o  be changed. 
The normal r e t u r n  t o  t h e  main program i s  also by subrout ine  statement 
910 RETURN. 

ou tpu t  

For each equat ion  c a l c u l a t e d  i n  t h e  main program t h e  f o l l o w i n g  i s  
p r i n t e d  from: 

Subrout ine CORLAT 

1 .  

2. The number o f  v a r i a b l e s  used i n  t h e  equation, i n c l u d i n g  t h e  

3. The number o f  input  data p o i n t s  and degrees o f  freedom. 

4 .  The s t a t i s t i c a l  l e v e l  t o  en te r  and remove each independent 

The number o f  t h e  equat ion  ca l cu la ted .  

dependent v a r i  ab1 e. 

var  i ab 1 e. 
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For each v a r i a b l e  entered i n t o  t h e  c o r r e l a t i o n  computat ion t h e  
f o l l o w i n g  i s  given. 

1 .  The computat ion s tep  number 

2. The var iable,by number, entered i n t o  t h e  c o r r e l a t i o n  computation. 

3. F l e v e l  o f  t h e  v a r i a b l e  entered. Th is  i s  t h e  s i g n i f i c a n c e  o f  
t h e  v a r i a b l e  t o  t h e  equat ion.  The l a r g e r  t h e  F leve l ,  t h e  more important 
t h e  en tered  v a r i a b l e .  

g iven  v a r i a b l e .  
4 .  

5. The constant  C, f o r  t h e  polynomia l .  

6. The c o e f f i c i e n t s  o f  t h e  polynomia l .  

7 .  The diagonal elements o f  t h e  f i n a l  vec to r  m a t r i x  used t o  develop 

The standard e r r o r  o f  t h e  polynomial w i t h  t h e  ent rance o f  t h e  

t h e  f i n a l  polynomial .  

Main Program 

1 .  Data p o i n t  sequence number. , 

2. Data p o i n t  (T,W,P) 

3 .  

4 .  Dev ia t i on  between t h e  data p o i n t  and i t s  c a l c u l a t e d  value. 

5. 

6. 

Ca lcu la ted  va lue  ,of polynomiql, pe r  data p o i n t .  

Percent e r r o r  o f  t h e  c a l c u l a t e d  p o i n t .  

Average percent  e r r o r  o f  t h e  c a l c u l a t e d  polynomia l .  

Operat i o n  Detai  1s 

Th is  program was w r i t t e n  i n  F o r t r a n  I V  f o r  t he  Univac 1108 system. 
The core  s torage f o r  t h e  t o t a l  program i s  134741 o c t a l  words. Compi la t ion  
and execut ion  t ime  f o r  a l l  35 equat ions i s  one minute. 

SAMPLE PROBLEM 

The input  e q u i l i b r i u m  data f o r  water on molecular  s ieve  t ype  5A i s  
shown in Table 0-2 ,  t h e  ou tpu t  ob ta ined w i t h  t h e  two best data f i t s  
(equat ions 33 and 3 4 )  are  shown i n  Table D-3. 
source l i s t i n g  f o r  t h e  program. 

Table D-4 conta ins  t h e  
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TABLE D-2 

INPUT DATA FOR SAMPLE PROBLEM 
, "  

1 ) A I . k  I iPLS1 (t-i iQ-Fik) 
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